MICROBIOLOGY AND MOLECULAR BIOLOGY REVIEWS, Sept. 1999, p. 523-553 Vol. 63, No. 3
1092-2172/99/$04.00+0
Copyright © 1999, American Society for Microbiology. All Rights Reserved.
Genetics of O-Antigen Biosynthesis
in Pseudomonas aeruginosa
H. L. ROCCHETTA,} L. L. BURROWS;, anp J. S. LAM*
Canadian Bacterial Diseases Network, Department of Microbiology,
University of Guelph, Guelph, Ontario,
Canada NI1G 2W1
INTRODUCTION 524
P. AERUGINOSA, THE PATHOGEN 524
Occurrence of P. aeruginosa Infections 524
Contribution of Lipopolysaccharide to Host-Bacterium Interactions 524
Environmental Conditions Influencing Lipopolysaccharide Production 527
Formation of Biofilms by P. aeruginosa: Role for Lipopolysaccharide 528
GENETICS OF A-BAND O-POLYSACCHARIDE BIOSYNTHESIS 529
Identification and Organization of A-Band O-Polysaccharide Genes 529
Genes Required for GDP-p-Man and GDP-p-Rha Biosynthesis: Links between A-Band and Alginate ....532
gmd and rmd 532
algC and wbpW/algA/orf477 534
Genes Encoding Glycosyltransferases for A-Band Polymer Assembly: WbpL Is Essential for Initiation
of Both A-Band and B-Band Synthesis 535
wbpL 535
wbpX, wbpY, and wbpZ 535
A-Band O-Polysaccharide Transport across the Inner Membrane: Evidence for a Wzy
(Rfc)-Independent Pathway 537
wzm and wzt 537
GENETICS OF B-BAND O-ANTIGEN BIOSYNTHESIS 538
Identification and Analysis of B-Band O-Antigen Genes from Serotypes OS5, 06, and O11..............c.cue... 538
Isolation of B-band O-antigen gene clusters 538
Organization of the B-band O-antigen gene clusters 538
Genes Required for Biosynthesis of Hexose Residues of the O-Antigen Units 540
Synthesis of dideoxy aminohexoses 540
Synthesis of uronic acids 540
(i) Epimerization 540
(ii) Uronic acid formation 541
(iii) Amination 542
(iv) N-acetylation 542
(v) Additional modifications 542
Genes Encoding Glycosyltransferases Required for O-Antigen Unit Assembly 543
wbpG: a Potential Control Point for B-Band Lipopolysaccharide Biosynthesis 544
Wzy (Rfc)-Dependent Pathway of Synthesis 545
Effect of Wzx mutations on A-band and B-band LPS biosynthesis 545
Wzy (Rfc) and Wzz (Rol, Cld) form O-antigen chains of defined length. 545
(i) The O-antigen polymerase, Wzy 545
(ii) The O-antigen chain length regulator, Wzz 546
B-band O antigens are Wzy-dependent heteropolymers 547
Evolution of A-Band and B-Band O-Antigen Gene Clusters 547
CONCLUSIONS AND FUTURE DIRECTIONS 547
ACKNOWLEDGMENTS 548
ADDENDUM IN PROOF 548
REFERENCES 548

* Corresponding author. Mailing address: Department of Microbi-
ology, University of Guelph, Guelph, Ontario, Canada N1G 2W1.
Phone: (519) 824-2120, ext. 3823. Fax: (519) 837-1802. E-mail: jlam
(@uoguelph.ca.

T Present address: Lilly Research Laboratories, Lilly Corporate
Center, Indianapolis, IN 46285.

¥ Present address: Center for Infection and Biomaterials Research,
NU13-143, Toronto General Hospital, Toronto, Ontario, Canada M5G
2C4.

523



524 ROCCHETTA ET AL.

INTRODUCTION

Lipopolysaccharides (LPS) of gram-negative bacteria are
major components of the cell wall. The hydrophobic lipid A
component of LPS secures these molecules in the outer mem-
brane, while the core oligosaccharide links the lipid A region to
the O antigen or O polysaccharide. The location of these
molecules in the outer leaflet of the outer membrane permits
interaction of LPS with the external milieu. As a result, early
research focused on the role of LPS as a virulence determinant
and on its use as a vaccine candidate. Since that time, studies
have expanded to include analysis of the chemistry and bio-
synthesis of the O-antigenic region due to its immunogenicity,
serotype specificity, and serum resistance properties.

With the medical and environmental importance of Pseudo-
monas aeruginosa, major efforts have been directed toward
understanding the factors relevant to initial bacterial attach-
ment, evasion of host defenses, and establishment of infection.
LPS is one of these factors, and over the last decade remark-
able advancements have been made in the fields of P. aerugi-
nosa LPS chemistry and biosynthesis, in particular the progress
in the area of O-antigen synthesis and assembly. While the
O-antigen synthesis pathways of P. aeruginosa have many prop-
erties in common with other characterized LPS systems,
unique features of synthesis have been identified. In this re-
view, O-antigen synthesis pathways for the two LPS molecules
produced by P. aeruginosa, A band and B band, are discussed
in detail, along with future research areas. The role of LPS in
the biology and pathogenesis of P. aeruginosa is also examined.

P. AERUGINOSA, THE PATHOGEN

Occurrence of P. aeruginosa Infections

P. aeruginosa typically causes disease only in individuals with
impaired host defenses and is thus referred to as an opportu-
nistic pathogen. Such compromised individuals include pa-
tients undergoing immunosuppressive therapies (e.g., cancer
treatment), those receiving treatment for traumatic skin dam-
age (burn wounds), those with human immunodeficiency virus
infections, and those with cystic fibrosis (CF) (78, 107). Recent
clinical data indicates P. aeruginosa to be the fourth leading
cause of nosocomial infection and the foremost cause of hos-
pital-acquired pneumonia (95). Acquisition of this pathogen
within the hospital setting is attributed to contaminated envi-
ronmental reservoirs (e.g., sinks and respirators), as well as
patient-to-patient spread (182).

CF patients in particular are highly susceptible to chronic
pulmonary infections with P. aeruginosa. The lung environment
of these patients appears to provide a unique niche that pro-
motes chronic microbial colonization. Mutations in the CF
transmembrane regulator protein (CFTR) interfere with chlo-
ride ion transport in CF patients. This electrolyte imbalance
causes dehydration within the lungs and production of a vis-
cous mucous, which significantly impairs mucociliary clearance
mechanisms, allowing persistent bacterial colonization (115).
Mutations in CFTR are also known to cause undersialylation
of epithelial cell surface receptors, which increases P. aerugi-
nosa adherence to host tissue (59, 121). These patients typi-
cally experience a progression in pulmonary pathogens, with
Haemophilus influenzae and Staphylococcus aureus infections
occurring in infants and children and P. aeruginosa and Burk-
holderia cepacia infections occurring during adolescence and
adulthood (186). H. influenzae and S. aureus pulmonary infec-
tions are usually controllable with antimicrobial therapies, but
effective clearance of these organisms allows subsequent colo-
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nization by and chronic establishment of P. aeruginosa within
the lungs of these patients (238). More than 80% of CF patients
over the age of 26 years are colonized with P. aeruginosa (68). It
is these chronic P. aeruginosa respiratory infections which ac-
count for most of the pulmonary deterioration and mortality in
CF patients, since this organism is usually the only pathogen
recovered postmortem from the sputum and lung tissue (67).

Effective antibiotic therapy of P. aeruginosa infections has
been problematic, largely due to the high intrinsic resistance of
this organism to antimicrobial agents. This resistance is a result
of the low permeability of the outer membrane (81), combined
with the presence of both B-lactamases (84, 178) and multidrug
efflux pumps (119, 183, 184). The outer membrane is thought
to reduce the passage of hydrophobic antibiotics due to the
highly charged bacterial surface that is stabilized by divalent
cations (180). The uptake of small hydrophilic antimicrobial
agents, such as P-lactams, occurs via porin proteins, but P.
aeruginosa has only 1 to 5% the permeability of Escherichia coli
for B-lactams (83). B-Lactam resistance is heightened through
the presence of periplasmic B-lactamases, which can be plas-
mid or chromosomally encoded (80). Recently, various efflux
systems (mexAB-oprM [138, 184], mexCD-oprJ [183], and
mexEF-oprN [184]) which are able to export structurally unre-
lated antibiotics, providing P. aeruginosa with multidrug resis-
tance, have been described.

Efforts have been made to gain an in-depth understanding of
the above-mentioned resistance mechanisms in an attempt to
design more effective therapies for P. aeruginosa infections.
One approach has been the coadministration of B-lactams with
B-lactamase inhibitors. However, resistance to this treatment
combination has also developed (79). There is also the ap-
proach of downregulating or inactivating multidrug efflux
pumps for enhanced susceptibility to various antibiotics. Inter-
estingly, B-lactamase inhibitors have recently been shown to
serve as substrates for the MexAB-OprM pump, which sug-
gests that pump inactivation may enhance the efficacies of
B-lactam—B-lactamase inhibitor therapeutic combinations
(139). The issue of outer membrane permeability has also been
addressed through the coadministration of antibiotic with per-
meabilizing compounds such as cationic peptides (80, 181).
These peptides interact with divalent cation binding sites
present on LPS molecules and permeabilize the outer mem-
brane, allowing enhanced antibiotic uptake during this process.
In future, one or a combination of these approaches may
facilitate improved management of P. aeruginosa infections.

Contribution of Lipopolysaccharide to
Host-Bacterium Interactions

LPS molecules are located in the cell wall and thus play an
important structural role while mediating interaction with the
neighboring environment. The tripartite nature of LPS divides
the molecule into a hydrophobic lipid A region, which replaces
phospholipids in the outer membrane, a central core oligosac-
charide region, and a repeating polysaccharide portion re-
ferred to as O antigen or O polysaccharide. The terms
“smooth” and “rough” are often used to describe the LPS
phenotype. Attachment of the O antigen to core-lipid A results
in a smooth LPS phenotype, while core-lipid A lacking O
antigen is referred to as rough LPS. The contribution of
smooth LPS to virulence has been demonstrated repeatedly by
using various animal model systems. A study by Cryz et al. (40)
showed that a wild-type strain of P. aeruginosa with smooth
LPS was more virulent than were isogenic mutants. In a
burned-mouse infection model, the mutant, which has rough
LPS, has a 50% lethal dose more than 1,000-fold higher than
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that of the wild-type strain. This increase in the 50% lethal
dose of a strain producing rough LPS demonstrates that O
antigen is critical for virulence and that studies directed toward
an understanding of LPS biosynthesis are essential. Recent
studies by Preston et al. (185) with a mouse cornea infection
model and Tang et al. (220) with a neonatal-mouse challenge
model confirm that intact smooth LPS is required for P. aerugi-
nosa virulence. In vitro experiments have shown that rough
mutants of P. aeruginosa deficient in O-antigen synthesis are
sensitive to the killing effects of human serum while wild-type
strains with smooth LPS are serum resistant (44, 82). Since the
focus of this review centers on LPS biosynthesis in P. aerugi-
nosa, we address the role of lipid A, core oligosaccharide, and
O antigen in the pathogenesis of this organism (see below).

When LPS is shed by bacteria into host tissues, it is usually
bound by LPS binding protein (136, 222), which is transferred
to the CD14 receptor (2395) on macrophages, thereby induc-
ing secretion of cytokines including tumor necrosis factor al-
pha, interleukin-1 (IL-1), IL-6, IL-8, and IL-10 (150). These
cytokines are known markers of inflammatory responses. The
lipid A region of LPS, composed of a phosphorylated diglu-
cosamine moiety substituted with fatty acids, is thought to be
responsible for most of the biological activities of LPS (also
referred to as endotoxin) through the induction of these im-
munomodulating molecules. Release of these inflammatory
mediators enhances host defenses against bacterial infections.
Excessive LPS stimulation of the immune system can occur,
whereby elevated levels of activated and recruited immune
cells results in septic shock and even death (150). P. aeruginosa
is one of the top three pathogens responsible for sepsis due to
gram-negative bacteria, and LPS from this organism is capable
of overstimulating the immune system (62). Interestingly, P.
aeruginosa lipid A is less toxic than that of enteric organisms,
probably due to the presence of mostly pentaacyl rather than
hexaacyl chains (125).

Attached to the lipid A is the core oligosaccharide region of
LPS, which can be subdivided into an inner and an outer core.
The inner core contains L-glycero-b-manno-heptose and 3-de-
oxy-D-manno-octulosonic acid (KDO), while the outer core is
composed of hexose sugars such as D-glucose (D-Glc). The
chemical structure of the P. aeruginosa serotype OS5 core oli-
gosaccharide is shown in Fig. 1C. The genetics involved in
synthesis of this core region are currently being investigated by
our laboratory but are not included in this review (52). The
outer core region of P. aeruginosa LPS has recently been pro-
posed to function as a bacterial ligand for association and entry
of the organism into corneal cells during the infection stage of
keratitis (243). In vitro studies have revealed the terminal
D-Glc moiety of the outer core to be the critical residue in
binding of the LPS molecule to mouse corneal epithelial cells
(243). Recently, Pier et al. (179, 180) assessed the role of
CFTR as a receptor for the binding of P. aeruginosa to host
epithelial surfaces. In these studies, CFTR-minus epithelial
cell lines showed poor ingestion and uptake of P. aeruginosa
compared to cell lines transfected with CFTR. These authors
have proposed that the presence of CFTR in normal hosts
could be a defense mechanism whereby efficient epithelial-cell
ingestion of P. aeruginosa, followed by cellular desquamation
and swallowing, could facilitate bacterial killing by the diges-
tive system of the host. In this model, the outer core region is
believed to be the ligand mediating this association, since
strains producing semirough LPS (core plus one O-antigen
repeat) and rough LPS (lacking O antigen) with a complete
core region were ingested more readily than were those ex-
pressing wild-type smooth LPS (180). These data provide evi-
dence demonstrating that LPS variations can affect the uptake
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of P. aeruginosa by host epithelial cells. These new findings may
help elucidate specific host-bacterium interactions and favor
the development of therapeutics for chronic P. aeruginosa pul-
monary infections in CF patients.

As mentioned above, attachment of the O antigen or O
polysaccharide to core-lipid A results in the smooth form of
LPS. This O-antigenic region is highly immunogenic and elicits
a strong antibody response from the host. Resistance to serum
is conferred by the presence of O antigen on the cell surface,
and the extent of this serum resistance is influenced by O-
antigen structure, chain length, and the amount of O antigen
substituted on core-lipid A (reviewed in reference 97). P.
aeruginosa produces two forms of O antigen, known as A band
(homopolymer) and B band (heteropolymer). The A-band O-
polysaccharide region is composed of D-rhamnose (p-Rha)
residues arranged as trisaccharide repeating units linked
al—=2, al—=3, al—=3 (Fig. 1A) (7). The A-band p-rhamnan
polysaccharide is composed of approximately 70 p-Rha resi-
dues, which is equivalent to 23 repeating units (242). This is
shorter than B-band O antigen (composed of =50 repeating
units [129]), which is thought to mask underlying A-band
polysaccharide, since A*"B™ strains are not agglutinable with
A-band-specific monoclonal antibodies (MAbs) (135). B-band
O antigen is composed of di- to pentasaccharide repeating
units of various monosaccharides. The composition of the
B-band O-antigen trisaccharide repeat of serotype OS5 (the
serotype of the common laboratory strain PAO1) is di-N-
acetylmanosaminuronic acid and N-acetyl-6-deoxygalactose
(Fuc2NAc) (Fig. 1B) (109). Several studies have demonstrated
that P. aeruginosa LPS confers serum resistance and elicits a
protective immune response (40, 63, 82). Recently, a panel of
P. aeruginosa LPS-deficient mutants was used to determine
that B-band LPS confers serum resistance to the organism
while A-band LPS is not protective against serum-mediated
lysis (44). Studies have also indicated that while antibodies
directed toward B-band LPS are highly protective of neutro-
penic mice upon challenge with smooth LPS strains, antibodies
against A-band LPS are not protective (86).

P. aeruginosa is known to undergo differential expression of
some of its virulence factors during infection. These pheno-
typic changes have for the most part been observed during
pulmonary infections in CF patients (reviewed in reference
78). The most dramatic change is the conversion of the organ-
ism from a nonmucoid to a mucoid phenotype due to the
production of copious amounts of the exopolysaccharide algi-
nate (reviewed in reference 78). This cell surface alteration
occurs once P. aeruginosa is well established within the lungs of
CF patients and correlates with poor lung function (177). Ac-
companying the onset of alginate production is initiation of the
microcolony mode of growth within the lungs of CF patients,
representing a bacterial biofilm composed of cells embedded
within an alginate matrix (128). With the emergence of mucoid
P. aeruginosa within the lungs, there are cell surface changes
with respect to LPS phenotype. Chronic P. aeruginosa isolates
from CF patients either lack B-band O antigen entirely or
express smaller amounts (70, 82, 131, 177, 182), while the level
of A-band O polysaccharide is maintained (135). A study by
Lam et al. (135) examined 250 P. aeruginosa isolates from the
lungs of CF patients and determined that 68% expressed A-
band LPS but none expressed B-band O antigen. Many of
these clinical isolates are therefore nontypeable or polytype-
able due to the lack of O-antigen polymer or deficiency in
high-molecular-weight O-antigen polymer production (131,
177, 182). Such changes in surface properties are problematic
for serotyping and epidemiological studies of P. aeruginosa
isolates from CF patients (221). Evans et al. (64) demonstrated
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FIG. 1. Structures of O-antigen and core oligosaccharide P. aeruginosa LPS. (A) A-band O-antigen structure of P. aeruginosa (7). (B) B-band O-antigen structures
of P. aeruginosa serotypes 02, O5, 06, 010, O11, 015, 016, O17, 018, and 020 (109-111). The 02, O5, 016, O18, and 020 serotypes compose a cross-reactive
serogroup due to similarities in their O-repeat units (130). (C) Core oligosaccharide structure of P. aeruginosa serotype O5 (199). Lp-Hep, L-glycero-pD-manno-heptose;

Kdo, 2-keto-3-deoxy-p-manno-octulosonic acid; CONH,—O-carbamoyl.

that 8 of 13 CF patient P. aeruginosa isolates expressing rough
LPS could coproduce endogenous smooth LPS along with se-
rotype O11 LPS when transformed with O-antigen genes (wbp,
previously rfb) from P. aeruginosa serotype O11. Therefore, in
some cases, these rough P. aeruginosa isolates from CF patients
have acquired mutations in their wbp region. At present, the
mechanisms responsible for these mutations and changes in
LPS phenotype are not known.

It is interesting that A band is the LPS molecule selectively
maintained on the P. aeruginosa cell surface during chronic CF
lung infections. The presence of anti-A-band antibodies within

CF patients correlates with both increased duration of P.
aeruginosa infections and lower pulmonary function (135).
Once P. aeruginosa has colonized the lungs, these LPS modi-
fications are probably beneficial for evasion of host defenses
(A band is less immunogenic) and for alteration of suscepti-
bility to antibiotics, since loss of B-band O antigen confers
resistance to aminoglycosides (17, 98). A recent study by As-
boe et al. (8) examined P. aeruginosa isolates from human
immunodeficiency virus-infected patients with respiratory in-
fections. Multiple isolates from single patients infected with
the same bacterial strain were shown to become serum sensi-
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FIG. 1—Continued.

tive and polyagglutinable/nontypeable. These characteristics,
as mentioned above, are associated with a loss of or decrease
in B-band O antigen. A-band LPS was not examined in that
study. It would be interesting to determine if these respiratory
isolates express A-band LPS and if the selection toward B-
band deficiency follows a similar mechanism to that of P.
aeruginosa pulmonary isolates from CF patients.

Environmental Conditions Influencing
Lipopolysaccharide Production

LPS heterogeneity can be achieved through variations in the
sugar moieties within the O-antigen repeating unit, the type of
stereochemistry (a or B) of the glycosyl linkages within the
O-antigen repeat, the addition of noncarbohydrate moieties to
the O antigen (i.e., O acetylation), and the proportion of
smooth versus rough LPS molecules. Most strains of P. aerugi-
nosa have a capping frequency (core-lipid A molecules substi-
tuted with long-chain O antigen) of between 0.2 and 14% (82,
191, 232). Although the regulatory mechanisms governing LPS
synthesis and changes in LPS production in P. aeruginosa have

not been determined, several studies have been performed to
examine the influence of environmental parameters on LPS
synthesis. Growth at elevated temperatures decreases B-band
O-antigen chain length as the temperature increases (123,
165). Along with this decrease in the level of long-chain O
antigen is an increase in the amount of the semirough (SR)
B-band LPS (i.e., core-lipid A capped with one O-repeat unit).
A study by Kropinski et al. (123) demonstrated that the pro-
portion of SR LPS in P. aeruginosa PAO1 increases from 19.3
to 37.6% when the growth temperature shifts from 15 to 45°C.
Interestingly, a recent study by Makin and Beveridge (153)
revealed complete loss of B-band O antigen when PAOL1 cells
were grown at 45°C. The reason for the observed differences
between these two studies is not known; however, the data
does indicate a correlation between B-band O-antigen synthe-
sis and temperature. The influence of various osmotic condi-
tions on P. aeruginosa LPS synthesis has also been examined.
Under conditions of high NaCl, MgCl,, glycerol, and sucrose
and low pH and phosphate, there is a decrease in the amount
of long-chain B-band O antigen. Both elevated temperature
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and variation in nutrient levels resulted in modest increases in
the chain length of A-band O polysaccharide (153, 165). Fu-
ture work in this area should be directed at determining how
these environmental conditions influence LPS synthesis at the
molecular level for a fuller understanding of the regulatory
networks controlling the expression of these cell surface mol-
ecules.

Formation of Biofilms by P. aeruginosa:
Role for Lipopolysaccharide

Biofilm formation has been intensely studied over the years
due to its environmental and medical relevance. Bacterial bio-
films can develop on solid substrata and generally consist of
cells entwined in a protective matrix of extracellular polysac-
charides. Establishment of a biofilm requires initial bacterial
attachment to a solid surface to allow the growth and devel-
opment of a mature biofilm. Attachment of P. aeruginosa to
surfaces is known to increase transcription of alginate biosyn-
thetic genes, thereby increasing alginate production, which en-
hances the growth of the biofilm. Transcriptional fusions with
a lacZ reporter gene have demonstrated that the transcrip-
tional activities of two alginate structural genes, algD and algC,
increase in attached cells compared to planktonic cells (46, 47,
90). To date, regulatory components that are involved in sens-
ing environmental conditions and controlling the transcription
of alginate genes from the algC and algD promoters are rea-
sonably well defined (reviewed in references 78 and 162).

The contribution of other polysaccharide molecules (i.e.,
LPS) to biofilm formation have been less well studied. How-
ever, the presence or absence of long-chain LPS polymers and
the differences in the chemical nature of LPS molecules influ-
ence the physiochemical characteristics of the cell surface. In
wild-type P. aeruginosa strains that are nonmucoid and devoid
of alginate, the predominant surface polysaccharide is B-band
LPS (129). The B-band O polymers are highly anionic and
extend beyond the layers of A-band O polysaccharide and
outer membrane proteins (98, 129, 154). Makin and Beveridge
(154) conducted a study to examine the relationship between
cell surface hydrophobicities and relative adhesive properties
among P. aeruginosa strains with various LPS phenotypes.
They found that A*B* and A™B™ cells possess the lowest
surface hydrophobicity and the lowest surface charge (154). P.
aeruginosa cells expressing these predominantly anionic LPS
phenotypes (A"B™ and A"B™") adhere to glass more effi-
ciently, implying that electrostatic interactions among the B-
band O-antigen polymers play a role in binding (154). In con-
trast, the ability of the bacteria to adhere to polystyrene was
shown to correlate with the relative hydrophobicity of the
bacterial cells in the descending order A"B~ > A"B~ >
ATB* > ATB™ (154). Therefore, changes in the production of
either A-band or B-band LPS in P. aeruginosa influence the
surface characteristics and probably modify the binding capa-
bilities of these bacteria.

Beveridge et al. (12) recently examined the production of
LPS by P. aeruginosa during biofilm formation in vitro and
observed that as biofilms mature and thicken, the bacteria
undergo changes from an A"B" LPS phenotype to an A"B~
phenotype. This phenotypic change was reversible when cells
were removed from the biofilm and allowed to grow in the
planktonic mode. Interestingly, a longitudinal study examining
P. aeruginosa serial isolates from a number of CF patients with
chronic pulmonary infections over a period of several years
also showed that the ability of the bacteria to produce B-band
LPS was progressively lost over time (135). Thus, there is a
need to investigate which form of LPS favors the establishment
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of biofilms by P. aeruginosa. Such a study was conducted by
Flemming et al. (69), who examined a series of P. aeruginosa
strains including wild-type serotype O6 (A*B™) and its rough
mutant derivatives A28 (A"B~, with a complete core oligo-
saccharide), R5 (A"B7) (although the A band was detected
from whole-cell lysate of this strains by Western immunoblot-
ting, no A-band LPS was produced on the surface of the
bacteria due to a deficiency in the LPS core), and Gt700
(A"B7). The LPS structures and other properties of these
strains have been characterized previously (44, 159, 160). On
the basis of hydrophobic interaction chromatography and a salt
aggregation test, the hydrophobic character of these strains
was ranked as R5 = A28 > Gt700 > O6. In addition, the
anionic characteristics of cell surfaces were determined by
electrostatic interaction chromatography and by zeta-potential
measurements, ranking the strains as R5 > A28 = Gt700 >
06. Both R5 and A28, which possess more strongly hydropho-
bic surfaces, demonstrated a significantly greater capacity to
form biofilms on stainless steel and glass surfaces. Interest-
ingly, both these adherent mutant strains also have more an-
ionic surfaces based on the zeta-potential measurements (69).

Confocal microscopy was also used to examine the biofilms
formed by each of these bacterial strains (134). Both A28 and
R5 mutants form luxurious biofilms that spread out evenly on
the substratum (glass surface), while the wild-type O6 strain
develops a biofilm composed of “microcolonial” clusters of
cells that appear to form clumps (Fig. 2). The formation of
these clumped biofilms is probably due to specific electrostatic
interactions among O-antigen polymers of the LPS molecules.
These data imply that the properties of LPS on the surface of
P. aeruginosa cells could affect the way in which a biofilm is
formed on solid surfaces. Motility due to the presence of fla-
gella generally appears to promote the initial attachment and
recolonization in flow systems (50, 120). A recent study by
O’Toole and Kolter (174) also demonstrated that flagellum-
associated motility is essential for biofilm formation. However,
Flemming et al. (69) found that the strongly adherent mutant,
RS, lacked flagella and was nonmotile. The presence of flagella
did not appear to influence either the hydrophobicity or cell
surface anionic character, as seen in the similar rankings of RS
(with no flagella) and A28 (possessing flagella). From these
studies, the observations that rough mutants, devoid of A-band
and B-band O-antigen polymers, form a more stable biofilm
are consistent with the situation for P. aeruginosa, which under
certain environmental conditions (i.e., interactions within the
CF host) is regulated to produce less high-molecular-weight
LPS. At present, the mechanism of LPS regulation is not
clearly defined.

In a recent study (134), biofilm formation in the wild-type
strain PAOL1 (serotype O5; A*B™") and its derived wzm mutant
(A7B™; A-band polysaccharide transport mutation [196]) was
observed by confocal microscopy. The wild-type PAOL1 strain
was found to form clumping biofilms similar to those of the O6
strain (data not shown). The A"B™ wzm mutant formed bio-
films similar to those of the rough mutants A28 and RS; i.e.,
the biofilms are evenly spread out on the substratum (refer-
ence 134 and data not shown). This nonmicrocolonial biofilm
formation by the wzm mutant is unexpected, since the predom-
inant B* LPS phenotype should provide more hydrophilic
charge to this mutant. Instead, the biofilm growth pattern was
more widespread and resembled that of B~ mutants. There-
fore, the physicochemistry with the presence of both A-band
and B-band O antigens in wild-type strains appears to promote
interactions among polymers of both LPS types. These inter-
actions probably contribute to the cell clumping that leads to
microcolony formation in the initial phase of biofilm generation.
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FIG. 2. The architecture of the biofilm formed by P. aeruginosa is influenced by changes in the LPS phenotype. Confocal micrographs of biofilms of fluorescein-
stained P. aeruginosa strains grown in glass laminar-flow cells as described by Palmer and Caldwell (175) are shown. After the 9-h growth, the biofilms of the various
bacterial strains were approximately 13 to 15 um thick. (A through C) Optical sections (x-y plane) at 1-wm intervals through biofilms of wild-type strain 06 (A*B™),
strain A28 (A"B™, and contains complete core oligosaccharide), and strain R5 (A”B™, contains truncated core oligosaccharide, and A-band LPS is not produced on
the surface but accumulated in the bacterial cells), respectively. The characteristics of LPS in the O6 strain and its isogenic mutants have been described by Dasgupta
(45). Note the foci of microcolonial growth of wild-type O6 bacterial cells; this mode of growth on a substratum is maintained throughout the biofilm development.
The biofilms formed by the mutants, A28 and RS, are evenly spread out, with the most confluent biofilm being formed by the most hydrophobic R5 strain. (D) Optical
sections (x-z plane, cross sections) through biofilms of strains O6, A28, and R5 in ascending order of cell surface hydrophobicity (69). The differences in their surface
hydrophobicity or hydrophilicity are also revealed by differential fluorescein staining characteristics: cells from both strain A28 and RS exclude the stain (appeared dark
[B and C]) whereas cells of O6 are positively stained (appeared bright [A]). The numbers on the micrographs indicate the distance of the optical sections from the
substratum, and the scales of magnification are indicated by the bars. These confocal micrographs were kindly provided by R. Palmer, Center for Environmental
Biotechnology, University of Tennessee, Knoxville, Tenn.

GENETICS OF A-BAND O-POLYSACCHARIDE
BIOSYNTHESIS

Identification and Organization of A-Band
O-Polysaccharide Genes

Several reports described the identification of a neutral poly-
saccharide composed of D-Rha produced by P. aeruginosa (116,
202, 242). However, it was the study performed by Rivera et al.

(191) that distinguished A-band LPS in strain PAO1 as an-
other form of LPS that is separable from the predominant
B-band LPS by gel filtration chromatography. They examined
fractionated LPS from PAO1 by Western immunoblotting
techniques with A-band- and B-band-specific MAbs and by
chemical analysis, revealing that this organism coproduces two
antigenically and chemically distinct LPS molecules (191, 192).
Subsequent immunochemistry studies have demonstrated that
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FIG. 3. Location of A-band and B-band O-antigen genes within their respective cosmid clones. (A) The wbp A pana gene cluster isolated from strain PAO1 (serotype

05) is contained on cosmid pFV3. This cluster is composed of eight genes which are probably transcribed from a common o”°

-like promoter located upstream of rmd

(197). Genes encoding proteins involved in A-band O-polysaccharide synthesis are shown in gray, while non-LPS genes are shown in white. (B) The wbposg pana geNE
cluster is found on the cosmid pFV100. (C) wbpoep pana gene cluster. For the B-band clusters, genes encoding proteins involved in B-band O-polysaccharide synthesis

for both O5 and O6 are shown in black while non-LPS genes are shown in white.

14 of the 20 P. aeruginosa IATS (International Antigenic Typ-
ing Scheme) O serotypes produce A-band LPS (42, 135). Al-
though the existence of A band in other gram-negative bacteria
has not been studied, reports of LPS bearing the same O-
polysaccharide structure as A band have emerged. Organisms
expressing these b-rhamnan LPSs include P. syringae pv. mor-
sprunorum C28 (211), P. syringae pv. cerasi 435 (225), B. ce-
pacia (32), and Stenotrophomonas (Xanthomonas) maltophilia
(235). Interestingly, the last two bacterial species are among
pathogens associated with lung infections in CF patients.
Genes encoding proteins involved in synthesis of a D-rham-
nan-containing LPS molecule have been described only for P.
aeruginosa. The A-band O-polysaccharide gene cluster was iso-
lated from a P. aeruginosa PAO1 (IATS O5) cosmid library on
the basis of its ability to restore A-band LPS synthesis to the
A-band deficient mutant rd7513 (142). This cosmid clone, des-
ignated pFV3 (containing a 27-kb insert [Fig. 3A]), comple-
mented A-band LPS synthesis in five (07, O13, 014, O15, and
016) of the six A-band-deficient IATS strains (07, 012, 013,
014, 015, and 016), indicating that it encoded genes respon-
sible for expression of this cell surface molecule (142). The
DNA region responsible for complementation of A-band LPS
in rd7513 was localized to a 1.6-kb Kpnl fragment, pFV39,
through the generation of subclones from pFV3 and the use of
transposon mutagenesis (142). Identification of this region led
us to focus our sequencing efforts on the 5’ half of the cosmid

clone pFV3. Sequence analysis of this 15-kb region revealed
eight genes thought to be involved in A-band LPS synthesis
(42, 195-197). These LPS genes have been named according to
the nomenclature of Reeves et al. (189), whereby wb- repre-
sents genes involved in O-antigen biosynthesis and wz- denotes
genes involved in O-antigen assembly. Following this system,
the P. aeruginosa A-band O-polysaccharide-specific genes have
been given the designation wbp 5 pang- The Whp A pang genes and
the predicted functions of the encoded proteins are listed in
Table 1. Lightfoot and Lam (143) used pulsed-field gel elec-
trophoresis and Southern hybridization experiments to map
the wbp o pana cluster to between 10.5 and 13.3 min on the
75-min map of PAOL1 (Fig. 4).

These eight genes are arranged contiguously on pFV3 and
are probably transcribed from a promoter found upstream of
the first gene, rmd, in this cluster. Three potential promoter
sequences have been located upstream of rmd, which corre-
spond to the E. coli ¢’ consensus sequence (197). However,
two of these putative promoters are nonfunctional on the basis
of protein expression experiments with an E. coli background
(197). Chromosomal rmd mutants were generated through in-
sertion of a gentamicin resistance (Gm") cassette within rmd.
These mutants no longer express A-band LPS and could be
complemented for A-band synthesis by using two subclones
that represented the same insert DNA in either orientation
(197). This suggested the presence of a functional promoter
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TABLE 1. Genes involved in LPS biosynthesis in P. aeruginosa

531

Gene function Gene name Demonstrated or proposed function of gene product Accession no. (reference)
New old and other remarks
A-band LPS synthesis rmd GDP-4-keto-6-deoxy-D-mannose reductase AF009955 (197)
gmd gea GDP-p-mannose dehydratase U18320 (143)
whpW Bifunctional enzyme: phosphomannose isomerase ~ AF009956 (197)
and GDP-mannose pyrophosphorylase
orf488 AlgA and WbpW homologue, bifunctional AF053937 (197)
enzyme like WbpW
wzm Membrane protein of 2-component ABC U63722 (196)
transporter
wzt ATP binding component of ABC transporter U63723 (196)
wbpX Rhamnosyltransferase, transfers a1—2-linked AF010181 (195)
D-Rha to A-band polymer
wbpY Rhamnosyltransferase, transfers two al—3- AF010182 (195)
linked p-Rha to A-band polymer
wbpZ Rhamnosyltransferase, transfers a single al1—3- AF010183 (195)
linked p-Rha to the initial A-band acceptor
molecule
wbpL  rfbA Initial glycosyltransferase, broad specificities: U17293 (45), U50396 (21,
transfers GIcNAc to lipid carrier (for A-band 24, 195)
synthesis); transfers Fuc2NAc to lipid carrier
(for B-band synthesis)
B-band LPS synthesis wzz rol, cld Modulates O-antigen chain length of B band U50397 (21, 22)
wzy rfc O-antigen polymerase for B band U17294 (51), U50599 (53),
U50396 (21), U26685 (38)
wzx rfbX, wbpF  O-antigen translocase/flippase U50396 (25)
wbpA Putative dehydrogenase, required for B-band U50396 (21, 26, 27)
synthesis
wbpB Possible oxidoreductase involved in UDP- U50396 (21)
Fuc2NAc synthesis
wbpC No role in B-band synthesis, putative U50396 (20, 21)
O-acetyltransferase
wbpD Putative UDP-Man2NAc3NAcA 3N- U50396 (20, 21)
acetyltransferase, required for B-band
synthesis
whpE Candidate UDP-Man2NAcA aminase U50396 (21)
wbpG Undefined, putative aminotransferase, required U50396 (21)
for B-band synthesis
wbpH Putative glycosyltransferase, required for B-band =~ U50396 (21, 24)
synthesis
wbpl Putative C2 epimerization of UDP-D-GIcNAc to U50396 (21)
UDP-p-ManNAc, required for B-band
synthesis
wbpJ Putative glycosytransferase or chaperone, U50396 (21)
required for B-band synthesis
wbpK Putative UDP-QuiNAc-4-epimerase for U50396 (10, 21)
formation of UDP-Fuc2NAc, necessary for
B-band synthesis
wbpL  rfbA Initial transferase for A-band and B-band U17293 (45), U50396 (21,
synthesis (see A-band genes, above) 24, 195)
wbpM Putative UDP-GIcNAc dehydratase, required for ~ U50396 (21, 29)
B-band synthesis
Core oligosaccharide synthesis and ~ waaC  rfaC Heptosyltransferase I, inner-core biosynthesis U70982 (52)
housekeeping function affecting
LPS synthesis
waaF  rfaF Heptosyltransferase II, inner-core biosynthesis U70983 (52)
algC Phosphomannose mutase and phosphoglucose MO60873 (245)

mutase activities; essential for alginate
synthesis

upstream of rmd; however, the precise transcriptional start site
has not yet been determined.

The layout of the wbp, ,ang genes is such that the biosyn-
thetic genes involved in synthesis of the A-band sugar p-Rha
(rmd, gmd, and wbpW) are positioned at the beginning of the

cluster, followed by those coding for an ATP binding cassette
(ABC) transport system (wzm and wzt) and those involved in
assembly of the p-rhamnan repeating unit (wbpX, wbpY, and
wbpZ) (Fig. 3A). This genetic arrangement is similar to that of
the O-antigen gene cluster of E. coli O9a, whereby manC and



532 ROCCHETTA ET AL.

MICROBIOL. MOL. BIOL. REV.

[ orf477 017488 01303 |

szz wzx wzy whpg . 4

| algD844KEGXLIIFA

FIG. 4. The genetic map (75 min) of strain PAO1 illustrates the approximate chromosomal locations of genes involved in synthesis of polysaccharide molecules in
P. aeruginosa. Map positions are indicated for genes encoding proteins involved in the synthesis and regulation of alginate (reviewed in reference 78) and in the synthesis
of the inner core region (waaFCGP); (52) and A-band and B-band O antigens of the LPS molecule (143). A newly identified locus (orf477 orf488 orf303), which may
be involved in synthesis of a unique polysaccharide molecule in P. aeruginosa, is also shown (197). The map is not to scale.

manB, encoding enzymes required for synthesis of the O9a
sugar D-mannose (D-Man), reside at the 5’ end of the cluster
and are followed by wzm and wzt, coding for the ABC transport
system (106); the 3" end of the cluster contains genes (WbdA,
wbdB, and wbdC) coding for the pD-mannosyltransferases that
act to assemble the O9a O-repeating unit (105, 106). The
wbdg o, gene cluster contains one additional gene, wbdD,
located between wzt and wbdA, that does not yet have an
assigned function for its gene product. The organization of the
Yersinia enterocolitica O:3 cluster is somewhat different from
that of the wbp 5 pang and whd .o, clusters in that wzm and wzt
are positioned among genes encoding the O:3 polysaccharide
sugar 6-deoxy-L-altrose (244). The wbb gene arrangement of
Klebsiella pneumoniae O1 and O8 and Serratia marcescens O16
is different from the above-mentioned clusters in that wzm and
wzt are located at the extreme 5" ends of their respective gene
clusters (35, 102, 218).

The conservation of the A-band O-polysaccharide genes has
been determined within the 20 IATS reference strains of P.
aeruginosa (42, 195, 196, 197). Southern hybridization analysis
has established that all eight genes are present in the 20 IATS
strains of P. aeruginosa. However, there are differences in the
hybridization profiles of some strains that appear to be sero-
type specific. The majority of this variation is observed for
IATS strains O12, 013, O15, and O16, which do not express
A-band LPS (42).

The DNA region on pFV3 flanking the wbp 5 .4 Cluster has
also been examined (195). The 1.5 kb of sequence 5 to the first
A-band gene, rmd, showed no significant similarity to any se-
quences encoding proteins in the GenBank databases. How-
ever, the sequence downstream of the last gene in the cluster,
wbpZ, revealed one complete open reading frame (ORF)
which coded for a protein of 54 kDa. This ORF is located on
the complementary DNA strand and, as shown in Fig. 3A, is
transcribed in the opposite direction to that of the A-band

gene cluster. A GenBank comparative search of the predicted
amino acid sequence encoded by this ORF revealed high ho-
mology to coenzyme A transferase proteins from the gram-
positive organisms Thermoanaerobacterium thermosaccharolyti-
cum (52.9% identity; GenBank accession no. Z69031) and
Clostridium kluyveri (51.3% identity; GenBank accession no.
P38946). On the basis of this homology, we have assigned this
OREF the designation psecoA. Downstream of psecoA, we iden-
tified the 3’ end of a gene whose product displayed homology
to the C terminus of a DNA helicase II enzyme (UvrD) from
E. coli (66.3% identity; GenBank accession no. P03018). Like
psecoA, this P. aeruginosa uvrD homologue is transcribed in the
opposite direction to that of the wbp 5 panq cluster. Interest-
ingly, uvrD is also located downstream of the enterobacterial
common antigen (ECA) genes wecA to wecG (rfe to rff) at 85
min on the chromosome of E. coli K-12 (166). It is intriguing
that another uvr gene homologue was identified during char-
acterization of the B-band LPS gene cluster, wbpy pang, i
strain PAO1. Burrows et al. (21) identified uvrB to be flanking
WBP g pana> als0 at the 3" end. UvrB is known to function as part
of a UvrABC complex that removes thymidine dimers (241). In
E. coli, this complex is released from DNA after excision in the
presence of UvrD, which is known to unwind DNA duplexes
during nucleotide excision and mismatch repair (31, 124, 168).
We are curious about whether uvrB and wvrD function as
chromosomal markers in other P. aeruginosa serotypes for the
B-band and A-band O-antigen biosynthetic gene clusters, re-
spectively.

Genes Required for GDP-p-Man and GDP-p-Rha
Biosynthesis: Links between A-Band and Alginate

gmd and rmd. Sugar nucleotide precursors synthesized
within the cell cytoplasm are used as donor molecules in the
synthesis of cell surface polysaccharides (205). These sugar
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FIG. 5. Proposed biosynthetic pathways for sugar nucleotide precursors used for synthesis of polysaccharide molecules within P. aeruginosa. GDP-p-Man is a
common precursor of both p-mannuronic acid residues of alginate and the p-Rha residues of A-band O polysaccharide. Synthesis of GDP-p-Rha requires WopW
(GMP-PMI), Gmd (GDP-p-Man dehydratase), and Rmd (GDP-4-keto-6-deoxy-pD-Man reductase) (42, 197). The p-mannuronic acid residues of alginate are formed
through the activities of AlgA (GMP-PMI) (206), AlgC (PMM) (245), and AlgD (GDP-p-Man dehydrogenase) (54). The PMM activity of AlgC is required for
GDP-p-Rha synthesis (197, 240), while the phophoglucomutase activity of AlgC is also needed for UDP-p-Glc and TDP-L-Rha for core biosynthesis (39). PGI,
phosphoglucose isomerase; GalU, glucose-1-phosphate uridyltransferase; RmlA, glucose-1-phosphate thymidyltransferase; RmIB, dTDP-glucose-4,6-dehydratase;
RmIC, dTDP-4-keto-L-thamnose-3,5-epimerase; RmID, dTDP-L-rthamnose synthetase.

monomers can be transferred to a lipid carrier molecule, iden-
tified as undecaprenol phosphate (Und-P), at the cytoplasmic
face of the inner membrane (237). The pathway we have pro-
posed for synthesis of the sugar nucleotide precursor GDP-D-
Rha for A-band O-polysaccharide synthesis is illustrated in
Fig. 5. This pathway includes GDP-pD-Man as an intermediate
in GDP-p-Rha synthesis for two reasons. First, early work by
Markovitz (156, 157) showed that a soil isolate, Pseudomonas
strain GS (ATCC 19241), produced a capsular polysaccharide
composed equally of the C-4 epimers D-Rha and p-talomethy-
lose (p-Tal). Crude cell extracts from this bacterium were
found to convert GDP-b-Man to GDP-p-Rha and GDP-p-Tal,
via a GDP-4-keto-6-deoxy-Man intermediate (157). From this
work, Markovitz identified two enzyme fractions from partial
column purifications which possessed GDP-p-Man dehy-
dratase and GDP-p-4-keto-6-deoxy-D-Man reductase activity,
respectively. Second, Lightfoot and Lam (143) demonstrated
that the protein coded for by the A-band gmd gene (formerly
called gca) was involved in synthesis of GDP-pb-Rha from
GDP-p-Man. In that study, supernatants of whole-cell lysates
from the A-band mutant rd7513 carrying the gmd gene on a
plasmid (pFV39) were incubated with ['*C]GDP-p-Man. Data
from paper chromatography experiments revealed that
rd7513(pFV39) was able to convert GDP-p-Man to a product
which migrated at the same rate as the GDP-p-Rha standard.
Based on this chromatography data and on the amino acid
homology of Gmd to other dehydratase enzymes (42), we pro-

pose that Gmd functions as a GDP-b-Man dehydratase con-
verting GDP-p-Man to GDP-4-keto-6-deoxy-D-Man (Fig. 5).
A second gene in the A-band cluster, rmd, probably encodes
the reductase enzyme necessary for converting GDP-4-keto-6-
deoxy-p-Man to GDP-p-Rha (Fig. 5). Recently, we have shown
that rmd knockout mutants (generated by insertion of a non-
polar gentamicin resistant cassette followed by gene replace-
ment into the wild-type organism) are deficient in A-band LPS
synthesis, confirming a role for Rmd in this biosynthetic path-
way (197). Protein homology of Rmd reveals similarity to bio-
synthetic enzymes that modify sugars at the C-4 and C-6 posi-
tions. However, no functional homologue of Rmd could be
identified within the GenBank databases, probably since this is
the first nucleotide sequence report of a reductase required for
GDP-p-Rha synthesis. Both Rmd and Gmd contain NAD
binding domains (197). The presence of these sites is consis-
tent with the requirement of NAD for both the redox reaction
of the dehydratase Gmd and the subsequent reduction of
GDP-4-keto-6-deoxy-D-Man by the reductase Rmd (157). A
later study by Winkler and Markovitz (234) described the pu-
rification from the Pseudomonas strain GS mentioned above of
a GDP-4-keto-6-deoxy-D-Man reductase that lacked stereose-
lectivity. This reductase was found to perform the irreversible
reduction of GDP-4-keto-6-deoxy-p-Man to both GDP-p-Rha
and GDP-p-Tal, which differ only in the orientation of the C-4
hydroxyl group. Future work on Rmd includes biochemical
characterization of the reaction products and determination of
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the specificity of the reduction reaction. Rmd probably pos-
sesses stereoselectivity, producing only GDP-p-Rha, since
GDP-p-Tal has not been reported to be a constituent sugar in
any of the known polysaccharide molecules of P. aeruginosa.
Alternatively, P. aeruginosa may not possess glycosyltrans-
ferases capable of recognizing GDP-p-Tal as a substrate.

algC and wbpW/algA/orf477. Synthesis of the b-mannuronic
and L-guluronic acid residues of alginate also proceeds via a
GDP-p-Man intermediate (54, 206, 245) (Fig. 5). For this
reason, it has previously been suggested that common enzymes
may be involved in the formation of the GDP-p-Man precursor
for synthesis of both A band and alginate (140). In fact, an
alginate enzyme, AlgC, is required for the synthesis of a num-
ber of cell surface molecules within P. aeruginosa. AlgC pos-
sesses both phosphomannose mutase (PMM) and phosphoglu-
cose mutase (PGM) activities, which are essential for alginate
and core oligosaccharide synthesis (39, 245). PMM is required
for the conversion of mannose-6-phosphate to mannose-1-
phosphate in the synthesis of GDP-D-Man (245) (Fig. 5), while
PGM activity is required for conversion of glucose-6-phos-
phate to glucose-1-phosphate (39). This PGM activity was
identified through complementation of the core-deficient mu-
tant AK1012 (39). The cellular pool of glucose-1-phosphate is
required for formation of the precursors UDP-p-glucose (D-
Glc) and dTDP-L-rhamnose (L-Rha) (Fig. 5), which are pre-
sumably the donor sugar nucleotides for the p-Glc and L-Rha
residues of the outer core region in P. aeruginosa (Fig. 1C).
Synthesis of the O antigen itself may also be affected by an algC
mutation in strains that contained D-Glc and/or L-Rha moieties
in the O-repeat unit, such as serotype O6 (Fig. 1B).

Interestingly, no gene encoding an enzyme with PMM activ-
ity was identified within the A-band gene cluster. This sug-
gested that AlgC might also contribute to the formation of the
GDP-p-Man precursor that is converted to GDP-p-Rha for
A-band O polysaccharide. To this end, studies involving LPS
and colony immunoblots of lysed cells with the A-band-specific
MADb N1F10 have shown that the algC mutant AK1012 lacks A
band (197, 240). Even though AK1012 expresses a truncated
core region that prevents attachment of the A-band O poly-
saccharide to core-lipid A, detection of intracellular A-band
LPS would still be possible if AlgC were not involved in its
synthesis. Studies in our laboratory have shown that A-band
LPS can be synthesized and maintained on a carrier lipid
molecule within the cell cytoplasm when mutations are intro-
duced into wzm and wzt, encoding ABC transport system com-
ponents (196) (see below). However, the lack of A-band LPS
within AK1012 implies that AlgC is also required for synthesis
of GDP-bp-Rha.

A gene encoding an enzyme involved in GDP-p-Man bio-
synthesis was localized within wbp 5 y.nq- The product of this
gene, designated WbpW, is homologous to enzymes function-
ing as GDP-p-Man pyrophosphorylases (GMP) and phospho-
mannose isomerases (PMI), including the alginate bifunctional
enzyme AlgA, which has both GMP and PMI activities.
Through complementation studies with defined E. coli capsule
mutants, WbpW was found to possess the same bifunctional
enzymatic activity as AlgA, catalyzing two noncontiguous steps
in the GDP-p-Man synthesis pathway (197) (Fig. 5). P. aerugi-
nosa wbpW knockout mutants generated by gene replacement
in our laboratory continued to produce A-band LPS; however,
the amount was significantly reduced from that produced by
the parent strain PAO1 (197). Since AlgA has the same enzy-
matic activity as WbpW, we believed that the level of GDP-b-
Man precursor within these wbpW mutants was simply de-
creased. Elimination of the cellular pool of GDP-p-Man was
predicted to occur following the generation of wbpW algA
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double mutants. This was achieved by using the nonmucoid P.
aeruginosa strain FRD1128. This FRD1128 strain was derived
from the mucoid CF isolate FRD1 and contains a Tn50! in-
sertion in algX which is polar on alg4 (34, 169). We used this
algA mutant strain as the background for introduction of a
chromosomal mutation into wbpW (197). However, these dou-
ble mutants were still able to produce reduced levels of A-band
LPS (197). Provision of algA in trans was sufficient to restore
high levels of A-band LPS production to these double mutants,
indicating that AlgA can compensate for the absence of WbpW
(197). The ability of these wbpW algA double mutants to pro-
duce some A-band LPS prompted us to search for other po-
tential wbpW algA homologues within the P. aeruginosa ge-
nome of strain PAO1. Using the wbpW nucleotide sequence as
a probe, we were able to identify a third homologue, desig-
nated orf488 (197). ORF488, along with WbpW and AlgA,
contains the highly conserved sugar-1-phosphate binding motif
(FVEKP), which is known to be associated with pyrophosphor-
ylase enzymes (163, 197). The existence of ORF488, which
probably has GMP and PMI activities, is probably responsible
for the A-band LPS synthesis in the wbpW algA double mu-
tants.

Sequence analysis of the region surrounding orf488 revealed
two additional ORFs arranged contiguously as orf477, orf488,
and orf303 (197). Southern hybridization experiments with a
PAO1 PCR product containing these three ORFs demon-
strated that all 20 IATS reference strains contained this genetic
region (197). Chromosomal mapping places the orf477, orf488,
and orf303 region at 0.3 to 0.9 min on the 75-min map of
PAOLI, as seen in Fig. 4 (197). Based on the amino acid ho-
mology of ORF477 to various glycosyltransferases and on its
hydrophobicity profile, this enzyme is predicted be an initiating
enzyme that adds glucose-1-phosphate to the carrier lipid
Und-P. The ORF303 protein is homologous to L-rhamnosyl-
transferases that are involved in the formation of various cell
surface molecules. ORF303 may therefore play a role in cata-
lyzing glycosidic linkages during polysaccharide assembly.
Thus, it seems that the wbpW algA homologue orf488 is situ-
ated within a gene cluster that may be involved in the forma-
tion of another polysaccharide molecule. A study by Kocha-
rova et al. (117) reported the isolation and chemical analysis of
a unique polysaccharide molecule, composed of a pentasac-
charide repeating unit containing p-Glc, b-Man, and L-Rha,
from culture supernatants of P. aeruginosa Fisher immunotype
4 (IATS O1). We postulate that this newly identified gene
cluster may be involved in synthesis of this polysaccharide
molecule, since the predicted enzyme functions for ORF477,
ORF488, and ORF303 correspond to the constituent sugars
found in the pentasaccharide repeat. Future work in this area
will focus on determining the specific activities of these en-
zymes, as well as characterization of the DNA regions flanking
these three ORFs by using the P. aeruginosa genomic database
to identify additional genes that may be involved in synthesis of
this molecule.

Of interest is the observation that the pentasaccharide re-
peating polysaccharide molecule identified by Kocharova et al.
(117) was recovered only from cell supernatants of cultures
grown for more than 72 h. As mentioned above, our wbpW
algA double mutants still synthesize A-band LPS. However,
using Western immunoblotting techniques, we could detect
only A band from cultures grown for more than 24 h. It is
possible that this new gene cluster undergoes upregulation late
in the growth cycle, allowing ORF488 to play a compensatory
role in the wbpW algA mutants and permitting A-band synthe-
sis to occur. Generation of a mutant lacking orf488, wbpW, and
algA will help to prove this hypothesis. Certainly, the existence
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FIG. 6. LPS analysis of WbpL mutants in the related serotypes 02, O5, and O16 (195). (A) Silver-stained SDS-PAGE gel; (B and C) Western immunoblots reacted
with the A-band-specific MAb N1F10 and the B-band cross-reactive MAb 18-19, respectively. All of the wbpL mutants are deficient in both A-band and B-band LPS,
with the parental phenotype being restored through complementation with a subclone containing wbpL s (pFV110). Serotype O2 reacts only with MAb 18-19 (C) as
a core-plus-one-O-repeat unit, while serotypes O5 and O16 are able to react with the full B-band ladder. The substitution of a guluronic acid residue in the O2 O antigen
(Fig. 1B) may be responsible for the formation of an epitope that is not recognized by 18-19 above core-plus-one. *, serotype O16 does not express A-band LPS.

Reproduced from reference 195 with permission.

of these three homologues within P. aeruginosa stresses the
need for the GDP-p-Man precursor and leads to the idea of
cellular adaptability, with each genetic locus perhaps being
regulated under different conditions. For the most part, A-
band LPS is known to be expressed constitutively whereas
alginate synthesis is highly regulated during growth on solid
surfaces and under various nutritional conditions (11, 56, 90).
The orf477 orf488 orf303 genetic region is certainly an area
deserving of further study to determine the precise polysac-
charide molecule that is synthesized, the environmental con-
ditions under which it is produced, and the role that it may play
in P. aeruginosa virulence.

Genes Encoding Glycosyltransferases for A-Band Polymer
Assembly: WbpL Is Essential for Initiation of Both
A-Band and B-Band Synthesis

wbpL. The mechanism of polysaccharide assembly for LPS
and capsule synthesis begins through the activities of a glyco-
syltransferase and Und-P. These enzymes, termed initiating
enzymes, contain numerous membrane-associated domains to
allow for interactions with the hydrophobic Und-P acceptor.
The best-characterized initiating enzymes are WecAg, (Rfe)
and WbaPs. (suimonetia entericay Which transfer N-acetylglu-
cosamine-1-phosphate (GIcNAc-1-P) (1, 167) or N-acetyl-
galactosamine-1-P (GalNAc-1-P) (4) and galactose-1-phos-
phate (Gal-1-P) (226), respectively, onto Und-P. In our
laboratory, an enzyme designated WbpL, which exhibits high
homology to glycosyltransferases responsible for initiating
polysaccharide synthesis, has been identified within P. aerugi-
nosa (21). The wbpL gene is located within the whpy pang
cluster; however, wbpL::Gm" mutations affect both A-band and
B-band LPS synthesis (195). No such initiating glycosyltrans-
ferase homologue was found with the wbp A ,.nq Cluster. Figure
6 shows that wbpL mutations abrogate both A-band and B-
band synthesis in the cross-reactive serogroups O2, OS5, and
0O16. Based on results from spectroscopic analysis, Fuc2NAc is
the first sugar of the serotype O5 repeating unit attached to the
core region (198). Since all three serotypes contain a Fuc2NAc
moiety in their O-repeat unit (Fig. 1B), WbpL is believed to
initiate B-band O-antigen synthesis through the addition of

Fuc2NAc-1-P to Und-P (21). Heteropolymeric initiation and
synthesis differ from the homopolymeric counterparts, since
the former involve the initiating sugar within each O-repeating
unit. In the case of B-band O-antigen synthesis, for example,
WbpL would be responsible for the addition of Fuc2NAc in
the formation of each trisaccharide repeat. In the homopoly-
mers, the initiating “priming sugar” does not form part of the
O repeat, since subsequent enzymes act to transfer additional
sugar residues processively onto this initial sugar moiety. These
differences reflect the cellular location of assembly compo-
nents for heteropolymeric and homopolymeric O antigens.
This is briefly discussed below but is reviewed in detail by
Burrows et al. (28).

As mentioned above, WecAy, is capable of transferring both
GlcNAc-1-P and GalNAc-1-P to Und-P. The former serves as
the initiating sugar for ECA (167) and heteropolymeric (1) and
homopolymeric (106, 190) O-antigen synthesis, while the latter
provides initiation for heteropolymeric capsule synthesis (4).
WecAg. can therefore initiate the synthesis of structurally dis-
tinct molecules. WbpL is similar to WecAp, in being involved
in synthesis of the chemically distinct A-band and B-band O
antigens. Cross-complementation experiments with WecAg,
have shown that this enzyme is able to initiate A-band but not
B-band synthesis (195). These data indicate that the initiating
sugar for A-band synthesis is probably either GIcNAc-1-P or
GalNAc-1-P and that WecAp, is unable to transfer Fuc2NAc-
1-P to Und-P for B-band synthesis. Structural analysis is nec-
essary to determine if GIcNAc or GalNAc is in fact the initi-
ating sugar for A band. Regardless of the precise nature of this
A-band moiety, WbpL definitively initiates these two LPS mol-
ecules with different sugar residues. This phenomenon raises
the possibility that WbpL plays a role in the synthesis of other
polysaccharide cell surface molecules produced by P. aerugi-
nosa. The enzyme responsible for initiating the synthesis of the
mannuronic acid homopolymeric alginate has not yet been
identified. It would be of interest to determine whether
wbpL::Gm" mutants are capable of alginate production and/or
if WbpL is universally required for exopolysaccharide synthesis
in P. aeruginosa (194).

wbpX, wbpY, and wbpZ. Following the initiation event cata-
lyzed by WbpL, homopolymeric biosynthesis proceeds by way
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Und-P + UDP-GlcNA¢
(A) l WhpL

GleNAc-PP-Und + UMP

GDP-Rha
( o WhpZ

Rha-(a1,3)-GlcNAc-PP-Und + GMP

2 GDP-Rha
L__.l WhpY

Rha-(a1,3)-Rha-(al,3)-Rha-(a1,3)-GleNAc-PP-Und + 2GMP

GDP-Rha

L__,l WhpX

Rha-(al,2)-Rha-(o1,3)-Rha-(0(1,3)-Rha-(a1,3)-GleNAc-PP-Und + GMP
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(B) Und-P + UDP-Fuc2NAc
l WhpL

Fuc2NAc-PP-Und + UMP

UDP-Man(2NAGc3NAc)A
WhpH/WbpJ

Man(2NAc3NAc)A-(B1,3)- Fuc2NA¢-PP-Und + UMP

UDP-Man(ZNAc%Il\I)A

CH,C-NH

WbpH/WhpJ

Man(2NAc3N)A-(B1,4)-Man(2NAc3NAc)A-(B1,3)- FucZNAc-P-P-Und + UMP
3

CH,C-NH

FIG. 7. Proposed glycosyltransferase mechanism for assembly of A-band (A) and serotype O5 B-band (B) O antigens (195). Note that WbpL participates in
initiating both synthesis pathways with, probably, a GIcNAc residue for A band and a Fuc2NAc residue for B band. The specificities of these enzymes remain to proven

biochemically. Modified from reference 195.

of particular glycosyltransferases recognizing acceptor and do-
nor molecules while catalyzing specific glycosidic linkages. The
homopolymeric assembly process occurs on Und-P by using
the sugar primer GIcNAc provided by the initiating glycosyl-
transferase at the cytoplasmic face of the inner membrane
(230). The process of elongation occurs at the nonreducing
terminus of the nascent polysaccharide (228). After assembly
or concomitant with this process, the O polysaccharide is trans-
ported to the periplasm for attachment to core-lipid A. For the
majority of homopolymers characterized thus far, this translo-
cation process occurs via an ABC transport system (16, 106,
155, 218, 244).

Three genes, wbpX, wbpY, and wbpZ, which encode proteins
homologous to glycosyltransferases that assemble various cell
surface molecules, were identified at the 3’ end of the wbp
band cluster (Fig. 3A). From these similarity analyses, the three
genes were predicted to encode pD-rhamnosyltransferases for
postinitiation assembly of the A-band O polysaccharide.
wbpX::Gm', wbpY::Gm', and wbpZ:Gm" PAO1l mutants
lacked A-band LPS while maintaining B-band LPS on Western
immunoblots (195). These three transferases are therefore
dedicated to A-band synthesis, unlike WbpL, which is commit-
ted to both LPS synthesis pathways. Interestingly, in trans pro-
vision of the wild-type gene in multicopy to each respective
mutant restored A-band synthesis, but the length of this A-
band polymer differed from that in the parental PAO1 strain
by two or three O-repeating units (195). Appropriate intracel-
lular levels of these glycosyltransferases may in fact be neces-
sary to facilitate the expression of a specific polymer pheno-
type.

These A-band glycosyltransferases exhibited the greatest
protein homology to the E. coli O9a mannosyltransferases
WbdA, WbdB, and WbdC (105, 106). These E. coli O9a gly-
cosyltransferases serve to assemble a tetrasaccharide p-Man
repeat (al—=2, al—=2, a1—3, a1—3) (104-106) composed of
linkages similar to A band (a1—2, a1—3, «1—3). Since p-Rha
is a 6-deoxy derivative of D-Man, WbpX, WbpY, and WbpZ

from P. aeruginosa probably bear a structural resemblance to
the E. coli O9a glycosyltransferases that recognize very similar
sugar substrates. In vitro transferase studies have shown that
WbdC adds the first D-Man residue onto GlcNAc-PP-Und by
catalyzing an a1—3 linkage (106). Since WbpZ is 62.1% iden-
tical to WbdC, we predicted that WbpZ transfers the first
D-Rha residue onto GIlcNAc-PP-Und (Fig. 7A). Additional
transferase studies with WbdA and WbdB have proven their
role in b-mannan assembly; however, the precise linkage as-
signments for each have not been fully characterized. Prelim-
inary transferase studies by Kido et al. (106) had led to a
transferase assignment for WbdA (adds three p-Man al—2)
and WbdB (adds two b-Man a1—3) on the basis of assembling
a D-mannan pentasaccharide designated E. coli O9 (al—2,
al—=2, al—=2, al—=3, al—3). However, recently Kido et al.
(104, 105) demonstrated that the E. coli strain used in that
study actually contained a tetrasaccharide O repeat (men-
tioned above), which has been reclassified as O9a. Although
the linkages of the pentasaccharide and tetrasaccharide poly-
mers are the same, the absence of one sugar alters the trans-
ferase scheme proposed earlier by Kido et al. (106). Further
assignment of transferase specificities awaits experimental data
from in vitro assays with defined substrates. Isolation and char-
acterization of the true O9 p-mannan transferases, which as-
semble the pentasaccharide O-repeat unit may provide insight
into the assembly mechanisms of both O9 and O9a polymers.

However, some predictions can be made about the order
and specificities of the transferases which mediate assembly
reactions of the A-band O polysaccharide based on amino acid
homology and the p-rhamnan structure (Fig. 7A) (195). Fol-
lowing addition of the first D-Rha by WbpZ, WbpY may rec-
ognize this terminal p-Rha and add two p-Rha moieties a1—3.
The terminal «1—3 p-Rha would then serve as an acceptor for
WbpX, which adds one p-Rha residue a1—2. Provided that
WbpX and WbpY can function in turn, they could continue to
extend the A-band O polysaccharide. This assignment requires
WbpY to recognize dual acceptors, the «1—2 p-Rha provided
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by WbpX and the first «1—3 p-Rha moiety added by WbpY.
Alternatively, WbpY may possess more than one catalytic do-
main, which would allow the transfer of two «1—3 D-Rha
residues at once and eliminate the need for dual recognition.
This transferase scheme is also consistent with the genetic
organization of wbpX, wbpY, and wbpZ in the wbp  yang clus-
ter, with the genes arranged in the opposite order to which the
encoded enzymes act. This is also true for the arrangement of
the E. coli O9a transferases encoded by wbdA, wbdB, and
wbdC (106). Thus, the transferase which functions first (WbpZ
and WbdC) is found last in each of the respective gene clusters.
Precise assignment of WbpX, WbpY, and WbpZ in the assem-
bly process of A band requires the development of transferase
assays which use chemically defined substrates as acceptor and
donor molecules. This area of research will be challenging,
since no complete glycosyltransferase mechanism has been un-
equivocally demonstrated for any homopolymeric LPS O poly-
saccharides.

A-Band O-Polysaccharide Transport across the Inner
Membrane: Evidence for a Wzy (Rfc)-Independent Pathway

wzm and wzt. Currently, there are two known mechanisms of
homopolymeric O-antigen assembly and export across the in-
ner membrane. The more common of the two systems are the
ABC transport systems reported for organisms such as E. coli
09a (106), K. pneumoniae O1 and O8 (35, 102), and S. mar
cescens 016 (218). These systems are composed of two pro-
teins, a hydrophilic ATP-binding component and an integral
membrane component, which associate to form paired ho-
modimers (66). The second mechanism has been reported only
for S. enterica serovar Borreze O:54 O-polysaccharide synthe-
sis (100). This unique system contains a glycosyltransferase
(WDbDF) that is believed to couple polymerization and export
functions by forming a pore-like structure at its C terminus
(100). In either case, these export systems facilitate the trans-
location of O polysaccharide to the periplasm, allowing its
ligation to separately synthesized core-lipid A molecules. Both
of these systems proceed independently of an O-antigen poly-
merase, known as Wzy (discussed below), and are therefore
commonly referred to as Wzy-independent pathways (230).

Analysis of the whp  pana Cluster revealed two genes, wzm
and wzt, which encoded proteins homologous to O-antigen and
capsular transport proteins found in other bacterial systems
(196). Wzm and Wzt possess specific traits that identify them
as components of ABC transport systems. The hydrophobic
Wzm protein is an integral membrane protein containing six
potential membrane-spanning domains, while the hydrophilic
Wzt protein contains a highly conserved ATP binding motif
(196). The integral membrane proteins of these systems are
believed to form a channel or pore through which the O poly-
saccharide travels, and hydrolysis of ATP by the hydrophilic
component provides the energy for this export process (88,
103). The P. aeruginosa Wzm and Wzt proteins had the highest
protein homology to ABC transport components of E. coli O9a
(196). As discussed in the glycosyltransferase section (above),
09a O polysaccharide is composed of p-mannan O-repeat
units. Since the O9a pb-mannan polysaccharide and the A-band
D-rthamnan polymer have very similar backbone structures
(with p-Rha derived from p-Man), each bacterium would pos-
sess comparable export machinery. Similarly, evidence from
cross-complementation experiments showed that ABC trans-
porters from K. pneumoniae O1 and O8 (102), and K. pneu-
moniae O1 and S. marcescens O16 (218) are functionally
interchangeable for export of the structurally identical p-galac-
tan I homopolymer.
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Chromosomal wzm::Gm" and wzt:Gm" PAO1 mutants
maintained the ability to synthesize both A-band and B-band
LPS as detected by Western immunoblotting with LPS-specific
MADs (196). The A-band polymer isolated from these mu-
tants, however, was different from that of the PAO1 parent
strain. Sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) showed that A band recovered from
both transport mutants had a faster mobility than did the band
from PAO1. We predicted that these mutations, which render
the transport system inactive, prevent polymer export and sub-
sequent attachment to core-lipid A. The absence of the core-
lipid A residues decreases the molecular mass of the LPS
molecule, which in turn increases the mobility in SDS-PAGE.
Thus, in these mutants, A-band polymer is synthesized but
accumulates cytoplasmically on a carrier lipid molecule. These
faster-migrating polymers are probably linked to Und-P, as
demonstrated by the cleavage of the pyrophosphate bridge
during hot-aqueous phenol extraction (256). The phenol labil-
ity of this accumulating polymer supported a lack of core-lipid
A attachment and indicated that Wzm and Wzt were indeed
transport components. The absence of A-band LPS on the cell
surface of the wzm and wzt null mutants was corroborated by
using immunoelectron microscopy (196). A small amount of A
band could be seen within the cell cytoplasm, which supports
the notion of intracellular accumulation of the polymer in the
absence of a functional transport system.

The presence of these transport components demonstrates
that A-band O-polysaccharide export follows the Wzy-inde-
pendent synthesis pathway, like that of most homopolymers.
Mechanistically, this translocation process is believed to be
directed via conformational changes in the ATP binding com-
ponent. Studies on the export system of the E. coli homopoly-
mer K1 capsule have allowed the development of a model
whereby the ATP binding protein KpsT associates with the K1
capsule and undergoes a change in conformation upon ATP
binding (14, 15). The resulting polymer-KpsT complex is then
thought to pass through the membrane at sites defined by
KpsM, the integral membrane protein. Upon ATP hydrolysis,
KpsT may then return to its previous conformation, which
allows deinsertion from the membrane and polymer release to
the periplasm. It is not known whether the polymer travels
through the membrane attached to Und-P or is transferred to
a second, unknown carrier molecule before final ligation to
core-lipid A.

Homopolymeric polysaccharide synthesis proceeds indepen-
dently of two known LPS proteins. Wzy is an O-antigen poly-
merase that serves to polymerize individual O-antigen units
into long-chain O antigen, while Wzz modulates the length of
these O-antigen chains. These two proteins are discussed in
more detail below, since they both contribute to B-band LPS
synthesis. For heteropolymer synthesis, wzy mutations abro-
gate O-antigen polymerization and result in a phenotype
known as SR (core plus one O-repeat unit). No SR mutants
have ever been isolated from homopolymeric systems, indicat-
ing that these synthesis pathways occur without the activity of
Wzy. Support for the Wzz independence for homopolymers
stems from studies in enteric systems. The K. pneumoniae O1
p-galactan I homopolymer, for example, has the same chain
length distribution in an E. coli K-12 background in the pres-
ence and absence of Wzzy_;, (230). Similarly, a study by Dodg-
son et al. (58) revealed the presence of a wzz homologue within
E. coli O8 and Q9 strains possessing a group IB capsular K
antigen. It was determined that this Wzz protein was involved
only in regulating the chain length of the heteropolysaccharide
capsule and not the homopolymeric polysaccharides O8 and
09 (58, 71). Recently, both Wzy and Wzz have been identified
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in P. aeruginosa and have been found to have no effect on
A-band LPS synthesis, since wzy and wzz null mutants express
long-chain A-band polymer with a modality identical to that of
the parental strain (22, 51).

An alternative mechanism for controlling the chain length of
homopolymers may exist, since they do exhibit strain-specific
modal distributions. The incorporation of a 3-O-methyl sugar
residue at the terminal position (nonreducing terminus) of the
polysaccharide chain may be important in controlling the chain
length of these polymers. A 3-O-methyl sugar has been iden-
tified as the terminal residue of the homopolymeric O antigens
from K. pneumoniae OS5 (145), E. coli O8 (94), and Campy-
lobacter fetus serotype B (204). Chemical analyses have also
detected 3-O-methyl rhamnose within A-band polysaccharide;
however, more definitive studies are still required to determine
if it occupies the terminal position (7). The incorporation of
these 3-O-methyl sugars would prevent further chain elonga-
tion, thereby serving to regulate the length of the homopoly-
meric O polysaccharide. The mechanism by which this addition
occurs and the way in which these 3-O-methyl sugars are syn-
thesized are areas of focus for future research.

GENETICS OF B-BAND O-ANTIGEN BIOSYNTHESIS

Identification and Analysis of B-Band O-Antigen
Genes from Serotypes O5, 06, and O11

Isolation of B-band O-antigen gene clusters. While the
chemistry and serology of P. aeruginosa B-band LPS have been
studied extensively (reviewed in references 109, 111, and 212),
investigation of the genetics underlying its biosynthesis has
begun only in the last decade. In our laboratory, we use the
IATS (149, 212) designations for 20 reference serotype strains.
MAD which differentiate between the first 17 of the 20 IATS
serotypes have been generated (132, 133), while the remaining
3 IATS serotypes can be distinguished by using adsorbed poly-
clonal sera. In a recent review (212), P. aeruginosa B-band LPS
was divided into 31 chemotypes that include the 20 IATS
serotypes and subtypes (i.e., strains that react with an MAb for
a particular IATS serotype but have additional epitopes).

Goldberg et al. (75) and Lightfoot and Lam (143) described
the isolation of cosmid clones which contain the gene clusters
encoding the B-band LPS of serotypes O11 and OS5 respec-
tively. The B-band LPS gene cluster of P. aeruginosa PA103
(serotype O11) was isolated through identification of rough,
serum-sensitive P. aeruginosa isolates from CF patients that
were complemented to serum resistance by using a cosmid
library of PA103 chromosomal DNA (75). In addition, colony
immunoblot analysis (with anti-serotype O11 serum) of E. coli
HB101 containing the cosmid library was used to identify a
single positive clone (75). Analysis of the complementing DNA
from both experiments showed that it encoded the synthesis of
O antigen that reacted with anti-O11 (Fisher immunotype 2)
serum (75). Two of the recombinants reacted with both anti-
O11 and anti-O1 (Fisher immunotype 4) serum, probably
through complementation of synthesis of the native O antigen
(75). These results confirmed the role of B-band LPS in serum
resistance.

The serotype OS5 B-band gene cluster, wbpg pang, Was iso-
lated from a cosmid library of P. aeruginosa PAO1 (IATS OS5)
DNA based on its ability to complement O-antigen synthesis in
the B-band-minus mutant, ge6 (143). By using pulsed-field gel
electrophoresis and Southern hybridization, wbpg panq Was
mapped to 37 min on the 75-min chromosomal map of PAO1
(Fig. 4). The complementing cosmid, pFV100, is sufficient to
encode the biosynthesis of serotype O5 LPS in E. coli HB101,
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based on reactivity of the recombinant strain with a B-band-
specific MAb, MF15-4 (45). Interestingly, attempts to express
P. aeruginosa B-band LPS from E. coli K-12 laboratory strains
such as DH5a have not been successful (141), suggesting that
the core oligosaccharide of E. coli K-12 may not be an appro-
priate acceptor molecule for P. aeruginosa O antigens. The
structure of the core oligosaccharide of HB101, a hybrid of E.
coli K-12 and E. coli B, is not known, but it may be more
amenable to P. aeruginosa O-antigen attachment than is that of
K-12. Alternatively, E. coli HB101, but not E. coli K-12, may
have unidentified accessory genes required for expression of P.
aeruginosa O antigen in the heterologous host. Attempts to
introduce pFV100 into wild-type E. coli B have not been suc-
cessful, probably due to destruction of the DNA by native
restriction-modification systems (23). The identification of ap-
propriate E. coli background strains is vital for further work
involving the expression of P. aeruginosa proteins involved in
O-antigen synthesis.

In 1996, sequencing of the entire OS5 cluster was completed
by our laboratory (28). More recently, the cloning and se-
quencing of the B-band O-antigen gene cluster from the clin-
ically relevant IATS serotype O6 was completed by Bélanger et
al. (10). The DNA sequence of the O11 cluster has also been
determined (48), but only a limited amount of sequence is
publicly available (GenBank accession no. U44089). Sequence
analysis of the 24.4-kb insert of pFV100, encoding the synthesis
of serotype OS5 B-band LPS, revealed several genes with ho-
mology to those involved in LPS synthesis (21, 45, 51). DNA
sequence comparison of the 5" end of the pFV100 insert with
the GenBank database revealed homology in that region to the
3’ halves of wzz genes encoding O-antigen chain length regu-
lators (formerly rol or cld) from a number of gram-negative
bacteria (22). The partial P. aeruginosa wzz gene was used as a
probe to identify an overlapping cosmid (pFV400) containing
the entire OS5 wzz gene and adjacent upstream sequences (22).
DNA sequence analysis showed no additional sequences up-
stream of wzz that were involved in O-antigen synthesis, con-
firming the observation that pFV100 could encode the synthe-
sis of genuine P. aeruginosa OS5 O antigen in E. coli HB101. As
with the A-band genes, the genes of the B-band O-antigen
cluster were named in accordance with the nomenclature pro-
posed by Reeves et al. (189). The wbpy panq genes and the
predicted function of the encoded proteins are listed in Table
1.

Since the 3’ end of the serotype OS5 gene cluster contained
sequences conserved across all 20 IATS serotypes (21), a probe
from this region was used to identify a 6.5-kb fragment of the
serotype O6 B-band LPS gene cluster (10). The remainder of
the O6 gene cluster was isolated by long-range PCR, with a
downstream primer based on the sequence of the 6.5-kb frag-
ment and an upstream primer based on the highly conserved
ihfB (himD) region upstream of the OS5 cluster (10).

Organization of the B-band O-antigen gene clusters. Based
on homology and functional studies, the genes that encode
proteins involved in assembly of the O antigen in serotype O5
were designated wzx (rfbX, wbpF), wzy (rfc), and wzz (rol, cld)
and those involved in biosynthesis and assembly of the nucle-
otide sugars of the O unit were designated wbpA through wbpN
(Fig. 3B). In addition to these ORFs, there are two his genes,
hisH and hisF, located between wzx and wbpG and an insertion
sequence, 1S7209, located between wbpL and wbpM. In the
LPS cluster of serotype O6, homologues of wzz, wzx, wbpK,
wbpL, wbpM, and wbpN were identified. Mutational analysis
has recently shown that WbpN is not involved in O-antigen
synthesis, and it has thus been renamed ORF48.5 (10). Other
O-antigen-related genes in O6 have been designated wbpO
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through wbpl” (Fig. 3C). The remaining wbp designations,
wbpW through wbpZ, have been used to name genes involved
in A-band O-antigen synthesis. No complete wzy gene (encod-
ing the O polymerase) could be detected within the O6 cluster,
despite the ability of the organism to make long O chains.
However, wbpQ, which is approximately 200 bp, has homology
to wzy and probably represents a truncated version of that gene
(10). Similar truncations of wzy have been detected in the
O-antigen clusters of S. enterica groups B and D1 (41).
Southern blot analysis of the 20 IATS reference strains in
our laboratory with probes spanning various regions of the O5
B-band LPS gene cluster showed that only wbpM is highly
conserved across all 20 P. aeruginosa serotypes. The remainder
of the genes in the cluster, up to and including wzz, hybridized
only to serotype OS5 and the chemically and structurally related
serotypes 02, 016, O18, and O20 (21). Limited DNA se-
quence comparison of various regions of the O-antigen gene
clusters (23, 53) indicated that these related serotypes have
essentially identical O-antigen clusters. The region 5’ to wzz
hybridized to all 20 serotypes of P. aeruginosa, and sequence
analysis of this region identified two genes that are highly
conserved among bacteria: i4fB, encoding the beta subunit of
integration host factor, and rpsA4, encoding the S1 ribosomal
protein (22). Together, these results show that the related
serotypes of the OS5 serogroup have very similar LPS gene
clusters and that these clusters can be delineated by the con-
served genes ihfB at the 5’ end, and wbpM at the 3’ end.
Analysis of the serotype O6 B-band O-antigen gene cluster
confirmed that it too is flanked by iifB and wbpM, allowing the
5’ region to be cloned by PCR with a primer based on the O5
ihfB sequence (10). The majority of the remaining genes be-
tween these markers are O6 serospecific (10). In serotype O11,
orf74.5 (U44089) is identical to wbpM while orf34.5 and orf37.2,
which are homologues of wbpL and wbpK, respectively, are less
highly conserved. Thus, it appears that the region of the P.
aeruginosa chromosome between iifB and wbpM may be a
target site for lateral transfer of O-antigen genes, much like the
region between the his and gnd genes of E. coli and S. enterica
(13, 173). The presence of wbpM at the 3’ end of each of these
three disparate clusters suggests that it is a native and ancestral
gene in P. aeruginosa. The wbp genes of serotypes O5 and O6,
with the exception of wbpM, have G+C contents at least 10%
below the chromosomal average of 67% (10, 21). The higher
G+C content of whpM (~62%) provides additional evidence
that it may represent a more ancestral P. aeruginosa gene.
The identification of non-LPS-related sequences (hisHF and
1S7209) in the whp cluster of serotype OS5 is fascinating from an
evolutionary standpoint. As mentioned above, enteric O-anti-
gen clusters tend to be linked to the Ais operon, and we were
intrigued to find two contiguous his genes, hisH and hisF,
roughly in the centre of the whbp cluster, between wzx and wbpG
(Fig. 3B). These genes, which in most organisms are separated
by the hisA gene, are unique to those serotypes (02, O5, 016,
018, and 020) within the OS5 serogroup (10). HisH and HisF
have the highest protein homology to OrfH3 and OrfH4 of
Leptospira borgpetersenii (GenBank accession no. AF078135),
the genes for which, as in P. aeruginosa, occur contiguously
with no intervening his4 homologue. Interestingly, the L. borg-
petersenii his genes are located near the 5" end of a large cluster
of genes thought to be involved in the synthesis of O antigen in
that bacterium (annotation of GenBank entry AF078135).
OrfH2, encoded by the gene directly upstream of OrfH3
(HisH), has 47% identity to WbpG, which is encoded by the
first gene downstream of hisF in P. aeruginosa. Therefore,
although there are similarities between the two organisms in
this region, their gene orders are different. Inactivation of the

O-ANTIGEN BIOSYNTHESIS IN P. AERUGINOSA 539

wbp hisHF genes does not affect B-band LPS biosynthesis (23).
In addition, these genes are probably not required for histidine
biosynthesis, since there is a separate set of native Ais genes on
the P. aeruginosa chromosome, unlinked to the B-band O-
antigen genes.

The IS71209 element is found between wbpL and wbpM only
in serotype OS5, and not between the wbpL and wbpM homo-
logues in serotypes O6 and O11. In the latter serotypes, wbpM
is probably expressed from the same large transcript as wbpL.,
while in serotype OS5, wbpM is probably expressed from one of
several putative outwardly directed promoters within 1S7209
(21). In serotype OS, the wbpL gene appears to have been
truncated due to insertion of IS7209, since its gene product is
only 303 amino acids, compared with 341 amino acids for the
corresponding proteins from serotypes O6 and O11 and the
closely related homologue, TrsG, from Yersinia enterocolitica
0O:3 (207). However, this putative truncation does not appear
to have affected the function of the protein (10, 195). The
IS1209 element, while not present in the O-antigen clusters of
serotypes O6 and O11, is nevertheless present on the chromo-
somes of other P. aeruginosa strains. Of the 20 IATS serotype
reference strains, 19 hybridized at high stringency with an
IS71209 probe in Southern blot analysis (21). Nucleotide se-
quence analysis of the 5’ end of a DNA fragment from P.
aeruginosa PA103 (serotype O11) showed that a copy of IS1209
is located upstream of exoU (pepA), which encodes a secreted
cytotoxic protein (67, 87). IS1209 is related to the gene-acti-
vating insertion sequence 1S407 of B. cepacia and B. pseudo-
mallei (151, 236) and to similar elements from a number of
soil-, plant-, and water-associated bacteria (21). The association
of mobile elements with exopolysaccharide gene clusters is not
uncommon (61, 89, 213) and may facilitate the lateral transfer
of O-antigen genes between strains or species (216). However,
the order of genes (wbpK-wbpL-wbpM) at the 3’ ends of the
three P. aeruginosa O-antigen clusters examined to date is
highly conserved. This level of conservation suggests that the
insertion of IS7209 between wbpL and wbpM in serotype OS5
may be gratuitous and not related to lateral transfer. Instead,
the highly conserved wbpM gene may itself represent a conve-
nient site for recombination between O-antigen gene clusters.

To understand the functions of the proteins encoded within
the whp clusters, it was necessary to have access to information
about the chemical nature and structure of the O antigens of
serotypes O5 and O6. The structure of the O5 (formerly O:3a,d
[112] and then reclassified O:2a,d [111]) O-antigen unit was
determined by Knirel et al. (112). The structure of the O5 O
antigen is shown in Fig. 1B, along with those of the chemically
related serotypes O2 [formerly O:(3a),3¢ (113); then O:(2a),2
(111)], O16 (formerly O:3a,b [112]; then O:2a,b [111]), O18
(formerly Fisher 7 [109, 148]), and O20 [formerly O:(3a),3d,3f
(113); then O:(2a),2d,2f (111)]. These serotypes have closely
related O-antigen structures, varying only in the linkage be-
tween O units (i.e., serotype OS5 is al—4, while serotype 016
is B1—4), the presence of the C5 epimer of D-mannosaminu-
ronic acid, L-gulosaminuronic acid (in serotypes 02, O18, and
020), or the presence of acetyl substitutions at the C-4 position
of Fuc2NAc (serotype 020) (109). The structures of the sero-
type O6 (and related strains Fisher 1 and Lanyi serotype O4)
and O11 O antigens were determined by Knirel and coworkers
(57, 114) and are shown in Fig. 1B.

With the structures of the O antigens in hand, one can make
predictions about the types and numbers of genes required to
encode the synthesis of the polysaccharides. In the following
sections, we discuss the biosynthesis of P. aeruginosa B-band O
antigens with the well-characterized serotype OS5 as a model,
comparing it to serotype O6 where applicable. The availability
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of the majority of the O5 (PAO1) genome sequence since late
1998 has allowed us to examine the chromosome for additional
genes involved in LPS synthesis and to look for additional
homologues of genes located in the wbp cluster.

Genes Required for Biosynthesis of Hexose
Residues of the O-Antigen Units

Synthesis of dideoxy aminohexoses. Based on their homol-
ogies to other LPS and sugar biosynthetic genes, wbpB, wbpK,
and wbpM of serotype OS5 were predicted to be involved in the
biosynthesis of the deoxyaminohexose, UDP-2-N-acetyl-p-fu-
cosamine (UDP-6-deoxy-2-N-acetyl-D-galactosamine [UDP-D-
Fuc2NAc]) (21). The precursor sugar for biosynthesis of UDP-
D-Fuc2NAc is thought to be UDP-N-acetyl-pD-glucosamine
(UDP-bp-GlcNAc), which is readily available in the cell due to
its role in peptidoglycan biosynthesis. The pathway for synthe-
sis of UDP-pD-Fuc2NAc from UDP-pD-GIcNAc is thought to
require an epimerization to generate the galactosyl moiety and
a dehydration/oxido-reduction to produce the deoxy form (21).
The closest homologue of WbpB is a protein of unknown
function from Helicobacter pylori (GenBank accession no.
AEQ000581) (223). Other homologous proteins of WbpB in-
clude a number of putative oxidoreductases (21), and WbpB
may therefore play that role in UDP-D-Fuc2NAc synthesis. At
present, the function of wbpB in P. aeruginosa OS5 LPS synthe-
sis has not been confirmed through inactivation of the gene.
Despite the presence of a similar deoxy sugar, UDP-6-deoxy-
N-acetyl-D-glucosamine (UDP-N-acetyl-pD-quinavosamine [UDP-
D-QuiNAc]) in the O antigen of serotype O6, no homologue of
wbpB could be identified in the B-band gene cluster (10).
However, a homologue of wbpB, the Bordetella pertussis gene
wlbA, has been identified in the cluster of genes encoding band
A lipooligosaccharide, a trisaccharide that contains a methyl-
ated Fuc2NAc residue (2). Interestingly, WIbA has been pro-
posed to be a dehydrogenase required for the synthesis of
mannosaminuronic acid in B. pertussis (2), a role thought to be
played by the essential gene product WbpA in P. aeruginosa O5
(27) (see below). Therefore, the potential role of wbpB in OS5
O-antigen synthesis requires further analysis.

WbpK and WbpM both demonstrate homology to dehy-
dratases and epimerases, including the UDP-p-galactose-4-
epimerase GalE. Therefore, the specific role played by each of
these proteins in UDP-p-Fuc2NAc synthesis is not immedi-
ately apparent based on homology. Since wbpM is highly con-
served among all 20 IATS serotypes, most of which have either
Fuc2NAc or N-acetylgalactosamine (GalNAc) in their O-anti-
gen structures, we previously proposed that wbpM may encode
the C-4 epimerase and the less highly conserved wbpK may
encode the dehydratase (21). Although a conclusive assign-
ment awaits biochemical analyses of the activities of these
proteins, we now have preliminary evidence (discussed below)
showing that the reverse may be true (23).

In serotype O6, the gene encoding the C-4 epimerase in-
volved in the conversion of UDP-p-GIcNAc to UDP-p-GalNAc
during the formation of UDP-p-GalNACcA has been shown to
be WbpP, not WbpM (10). Instead, WbpM, which is essential
for both O5 and O6 O-antigen synthesis (21, 10), may be a
dehydratase involved in the biosynthesis of D-QuiNAc. A sur-
vey of the O antigens of P. aeruginosa shows that most contain
either b-QuiNAc or b-FucNAc (109). In OS5 and other sero-
types, UDP-D-Fuc2NAc may be synthesized from a UDP-p-
QuiNAc precursor through the action of a GalE-like C-4 epim-
erase. In serotype OS5, WbpK, which has homology to GalE
(21), may function as this epimerase. Based on its ability to
partially complement a galE mutant of Salmonella enterica
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serovar Typhimurium (SL1306), WbpK has weak UDP-glu-
cose-4-epimerase activity (161). Therefore, in O5, WbpK may
catalyze the C4 epimerization of UDP-p-QuiNAc to UDP-p-
Fuc2NAc. The essential role of WbpK in O5 B-band O-antigen
biosynthesis has been demonstrated through generation of
wbpK knockout mutants, which no longer produce B-band LPS
(10). One caveat to this hypothesis is the presence of a wbpK
homologue, wbpV, in serotype O6. The function of wbpl” has
not been ascertained, but it is essential for O6 O-antigen syn-
thesis (based on mutational analysis) and is not interchange-
able with wbpK, based on cross-complementation studies (10).

To demonstrate the role of the highly conserved WbpM in
other serotypes, we have generated wbpM::Gm" knockout mu-
tants of serotypes 010, O15, and O17 (Fig. 1B) (29). Mutation
of wbpM abrogates O-antigen biosynthesis only in serotype
010, implying that WbpM is not involved in the conversion of
UDP-p-GlcNAc to UDP-p-GalNAc (as in O15), as proposed
previously, but is probably a dehydratase necessary for the
synthesis of UDP-p-QuiNAc and UDP-p-FucNAc (29). These
results also show that while WbpM is present in all 20 sero-
types, it is not universally required for P. aeruginosa B-band
synthesis. We are currently collecting biochemical evidence to
support the assignments of function.

WbpM is a representative of a large and growing family of
proteins involved in the biosynthesis of bacterial exopolysac-
charides such as LPS, lipooligosaccharides, and capsules.
These proteins are widely distributed among both gram-nega-
tive and gram-positive bacteria (Table 2), many of which are of
medical significance. There appear to be at least two distinct
lineages of WbpM-like proteins (Table 2) (29). One subfamily,
typified by WbpM, contains large (approximately 600-amino-
acid) proteins with two distinct domains, with an NAD™/
NADP™ binding motif in the C terminus and often a second
motif in the N terminus (21). Based on the identification of
contiguous but separate ORFs in Vibrio cholerae O139 that
were homologous to the N-terminal (ORF10) and C-terminal
(ORF11) halves of WbpM, these large proteins were originally
postulated to be the result of an ancestral fusion between two
shorter proteins (21). However, more recent sequence data
showed that the separation of ORF10 and ORF11 of V. chol-
erae 0139 arose from a sequencing error and that there is only
a single large ORF10, encoding a 646-amino-acid protein (se-
quence update April 1998). In the capsular biosynthetic clus-
ters of Staphylococcus aureus serotypes 5 and 8, contiguous
large (capD) and short (capE) WbpM homologues are present
in the same operon (200, 201) whereas S. aureus serotype 1 has
only capD (144).

Although the specific function of these proteins has not yet
been demonstrated at the biochemical level, they are function-
ally homologous (29). A P. aeruginosa OS5 wbpM::Gm" mutant,
which cannot synthesis B-band O antigen, can be comple-
mented in trans by B. pertussis wibL (2), S. aureus capD (144),
and, weakly, by H. pylori HP0840 (223). The ability of HP0840
to partially complement a wbpM mutation demonstrates that
the shorter homologues have activity similar to the larger
forms (29). However, the inability of the smaller protein to
completely restore O-antigen synthesis in a wbpM::Gm" mu-
tant suggests that the N terminus of the larger proteins is
important for full activity. The broad distribution of this pro-
tein family among bacteria, many of which are of significance
to the medical research community, suggest that they may be
of interest as potential therapeutic targets.

Synthesis of uronic acids. (i) Epimerization. Two of the
three sugars of the O5 O-antigen unit are mannosaminuronic
acids, containing either two acetimido groups or one acetimido
and one acetaminido group (Fig. 1B). A similar di-N-acety-
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TABLE 2. WbpM and its homologues

Protein name Organism IT,ength_ Putative function Accession no.
(amino acids) (reference)
Subfamily 1¢
WbpM Pseudomonas aeruginosa serotype O5 665 Fuc2NAc biosynthesis U50396 (21)
WbpM Pseudomonas aeruginosa serotype O6 665 Fuc2NAc biosynthesis AF035937 (10)
ORF74.5 Pseudomonas aeruginosa serotype O11 665 Fuc2NAc biosynthesis U44089, direct submission
TrsG Yersinia enterocolitica serotype O:3 638 Galactose modification S51266 (207)
WIbL Bordetella bronchiseptica 624 Nucleotide sugar dehydratase/ AJ007747, direct submission
epimerase
WIbL Bordetella pertussis 624 FucNAcMe biosynthesis S70683 (2)
WlaL Campylobacter jejuni 590 Unknown Y11648 (74)
RfbV Vibrio cholerae serotype O1 621 Unknown YO07788 (65)
ORF22-30 Vibrio cholerae serotype 022 646 Unknown AB012957, direct submission
ORF10 Vibrio cholerae serotype 0139 646 Epimerase/dehydratase U47057 (37)
CapD Staphylococcus aureus serotype 1 599 Type 1 capsule synthesis U10927 (144)
Cap5D Staphylococcus aureus serotype 5 607 Unknown U81973 (200)
Cap8D Staphylococcus aureus serotype 8 607 Unknown U73374 (201)
LpsB Rhizobium etli 683 dTDP-glucose-4,6-dehydratase U56723, direct submission
Whil Burkholderia pseudomallei 637 Epimerase/dehydratase AF0064070 (55)
TP0077 Treponema pallidum 538 Capsular polysaccharide AE001192 (73)
biosynthesis
YveM Bacillus subtilis 598 Unknown 799121 (126)
Subfamily 2°
ORF HP0840 Helicobacter pylori 333 Unknown AE000595 (223)
ORF JHP0778  Helicobacter pylori 333 Sugar nucleotide biosynthesis AE001508 (3)
FlaAl Caulobacter crescentus 331 Unknown U27301, direct submission
Cap5E Staphylococcus aureus serotype 5 342 Unknown U81973 (200)
Cap8E Staphylococcus aureus serotype 8 342 Unknown U73374 (201)
Protein D Methanococcus jannaschii 333 Capsular biosynthetic protein U67549 (18)
CapD Rickettsia prowazekii 341 Unknown AJ235271 (5)
KasD Streptomyces kasugaensis 329 NDP-hexose 4,6-dehydratase AB005901 (92)
Gdh Saccharopolyspora erythraea 329 dTDP-p-glucose-4,6-dehydratase 137354 (146)
BbLPS1.16 Bordetella bronchiseptica 357 Nucleotide sugar dehydratase/ AJ007747, direct submission

epimerase

“ Subfamily 1 contains proteins of approximately 600 amino acids.
? Subfamily 2 contains proteins shorter than 360 amino acids.

lated mannosaminuronic acid residue is found in the band A
trisaccharide of B. pertussis (2). The biosynthetic pathway for
these rare sugars is unknown, although likely avenues have
been hypothesized (2, 21). These residues are thought to be
formed from a UDP-D-GIcNAc precursor that is first epimer-
ized at C-2 to form UDP-p-ManNAc (2, 21). The enzyme
thought to perform this step in P. aeruginosa is Wbpl, based on
its similarity to other UDP-D-GIcNAc-2-epimerases (21). De-
rivatives of UDP-D-ManNAc are prevalent in bacterial exopo-
lysaccharides, including ECA which is synthesized by a number
of enteric species (167). The breadth of this distribution is
reflected in the large number of Wbpl homologues in the
databases. The UDP-D-GIcNAc-2-epimerase involved in ECA
biosynthesis, which has recently been given the designation
MnaA (for N-acetylmannuronic acid, step A [188a]), has been
extensively studied at the biochemical level and can be used as
a model for this type of protein. Mutational analysis of MnaA/
Wbpl has demonstrated that it is essential for B-band LPS
biosynthesis (23). A homologous protein, WIbD of B. pertussis,
was proposed to be the UDP-D-GIcNAc-2-epimerase in that
organism (2). In serotype O6, two of the four residues of the O
unit are galactosaminuronic acids. The C-4 epimerase required
for conversion of UDP-pD-GIcNAc to UDP-p-GalNAc has been
identified as WbpP on the basis of its functional homology to
VipB, the C-4 epimerase involved in Vi antigen (poly-Gal-
NAcA) biosynthesis in S. enterica sv. Typhi (10, 85).

(ii) Uronic acid formation. The companion protein of MnaA
is MnaB, formerly RffD or WecC (167), for which the P.
aeruginosa O5 homologue is WbpA. The MnaB family of pro-
teins includes NAD™"-dependent sugar dehydrogenases that
generate ManNAcA from ManNAc (188a). WbpA, encoded
by the first gene of the putative five-gene operon (wbpA
through wbpE), at the 5’ end of the whbp cluster, is essential for
O-antigen synthesis, since wbpA::Gm" mutants no longer make
B-band LPS (27). WbpA is homologous to the P. aeruginosa
sugar dehydrogenase AlgD, which is essential for synthesis of
GDP-ManA residues that make up the exopolysaccharide al-
ginate (Fig. 5) (21, 54). During Southern blot analysis of
wbpA::Gm" PAO1 mutants with a wbpA probe, an additional
DNA fragment homologous to wbpA was identified. A search
of the genome sequence revealed that this fragment contained
a third sugar dehydrogenase gene, ugd, encoding UDP-glucose
dehydrogenase (29). Further genome analysis allowed the
identification of a second putative ugd gene, pmrE. In P. aerugi-
nosa, ugd is linked to galU (encoding glucose-1-P uridylyltrans-
ferase or UDP-glucose pyrophosphorylase) while pmrE is
linked to a cluster of genes homologous to those encoding
polymyxin B resistance in S. enterica sv. Typhimurium and E.
coli (29). Cross-complementation analyses with the four sugar
dehydrogenase genes showed that despite their homology, they
were not able to complement heterologous mutants in trans
even when present in multiple copies (23, 27).
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Although WbpA is essential based on mutational analysis,
assignment of this enzyme to a particular step in the pathway
for mannuronic acid biosynthesis is not yet possible. While it is
homologous to other MnaB proteins, its substrate may be the
di-N-acetylated form of mannosamine and not the mono-N-
acetylated form of mannosamine generated by MnaA activity.
Evidence that WbpA does not act directly on a UDP-ManNAc
substrate includes the inability of the E. coli ManNAc dehy-
drogenase WecC to complement a wbpA::Gm" mutation in
trans (23). Interestingly, there is no homologue of WbpA in B.
pertussis, and the role of UDP-D-ManNAc dehydrogenase has
been assigned to the WbpB homologue, WIbA (2).

In serotype O6, the UDP-GalNAc dehydrogenase WbpO is
also encoded by the first gene of the cluster and is preceded by
a functional promoter (10). WbpO is functionally homologous
(as shown through complementation studies [10]) to VipA, the
UDP-GalNAc dehydrogenase forming the GalNAcA mole-
cules of Vi antigen (85), and has been shown by mutation
analysis to be essential for O6 O-unit synthesis.

AlgD, the GDP-p-Man dehydrogenase, is also encoded by
the first gene of the alginate gene cluster and is operative at the
committal step for alginate biosynthesis (54). The location of
the sugar dehydrogenase genes wbpA and wbpO at the 5’ ends
of disparate O-antigen clusters therefore warrants investiga-
tion into possible regulatory phenomena associated with this
localization. Inspection of the DNA sequence upstream of
wbpA did not reveal any homology to consensus E. coli sigma
70 promoter sequences (29), although such sequences are
readily detected in P. aeruginosa. This information, coupled
with previous observations that B-band LPS synthesis can be
negatively regulated by a number of environmental stimuli,
suggests that in P. aeruginosa, B-band O-antigen synthesis is
not necessarily constitutive and that closer attention should be
paid to the mechanisms of its regulation.

(iii) Amination. The mannuronic acid residues of the O5 O
unit are di-N-acetylated. The N-acetyl group on C-2 is present
on the precursor sugar, UDP-GIcNAc, but the second N-acetyl
group is added by O-antigen-specific enzymes encoded in the
wbp cluster. WbpE is the candidate C-3 aminase, based on its
homology to other putative aminases (21) including the B.
pertussis protein WIbC, which is thought to catalyze the same
reaction. Interesting, one of the WbpE homologues, DegT,
was originally identified as a regulatory protein, an assignment
that has complicated the annotation of other homologues in
this protein family (219). The function of WbpE in O-antigen
synthesis has not yet been demonstrated at the biochemical
level.

(iv) N-acetylation. Following amination of the mannuronic
acid residues at C-3, N-acetylation can occur. Inspection of the
wbp cluster revealed two contiguous ORFs, wbpC and wbpD,
with homology to O-acetyltransferases (OATSs), but none with
homology to N-acetyltransferases (NATs) (21). Few bacterial
NATs other than those acting on aminoglycosides and similar
substrates have been identified. Although no NAT genes were
identified in the wbp cluster, there is precedent for OATSs
catalyzing N-acetyltransfer. The enzyme responsible for O-
acetylation of the structural polysaccharide, peptidoglycan, in
the urinary pathogen Providencia stuartii also has 2" NAT ac-
tivity. This enzyme N-acetylates the 2’ position of aminoglyco-
sides including gentamicin, tobramycin, netilimicin, and 6'-N-
ethylnetilimicin (187) and is thus responsible for drug
resistance as well as peptidoglycan O-acetyl modifications
(176). Based on this precedent, we believed that either of the
two candidate OAT genes in the wbp cluster could be involved
in N-acetylation of the UDP-Man(2NAc3N)A moiety.

Both wbpC and wbpD were inactivated separately with car-
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benicillin resistance (Cb") cassettes to assess their specific roles
in UDP-Man2NACc3N acetylation. We chose the Cb" cassette
over a Gm" cassette for inactivation to avoid introduction of
additional acetyltransfer activities into the mutants. Inactiva-
tion only of wbpD, not of wbpC, abrogated O5 O-antigen
biosynthesis, implicating WbpD as the 3' NAT for UDP-
Man2NACc3NACcA synthesis (20). Lack of WbpC, which is ho-
mologous to the O-antigen OAT OafA of S. enterica sv. Ty-
phimurium (208), did not appear to affect O-antigen
biosynthesis, consistent with the lack of O-acetyl substitutions
in the OS5 structure (20). B. pertussis, which also synthesizes
UDP-p-Man(2NAc3NAC)A, possesses a homologue of WbpD
called WIbB (2) that presumably catalyzes the 3" NAT reaction
in that organism, and it does not contain a homologue of
WbpC.

(v) Additional modifications. In the O5 O unit, the first
mannuronic acid residue contains an acetiminido group in-
stead of an acetimido group on C-3 (Fig. 1B). This change is
carried by all five serotypes of the OS5 serogroup, implying that
it occurs prior to the epimerization of this residue in O18 and
020 to rL-gulosaminuronic acid. The conversion of an acetyl
group to an acetamido group could occur through a simple
Schiff’s base reaction; however, the mechanism of this alter-
ation is currently unknown. WbpG, encoded by the OS5 cluster,
is essential for B-band synthesis (21). WbpG has few homo-
logues in the databases, but it is 65% similar overall to OrfH2
of Leptospira borgpeterensii (GenBank accession no. AF078135)
and has limited local similarity to WbrF (formerly ORF2) of
the V. cholerae 0139 O-antigen gene cluster (37), as well as to
NH;-dependent NAD™ synthetases and asparagine syntheta-
ses (Table 3). These proteins transfer amino groups by using
NH; or glutamine as substrates. WbpG contains a highly con-
served motif also found in these proteins and may therefore be
an aminotransferase, forming the C-3 acetiminido group on
the first sugar residue in the OS5 serogroup O units. Data from
Western immunoblot analysis of wbpG mutants with MADb
18-19 (specific for the core-plus-one O repeat; 130) showed
that these mutants were not rough, as previously thought, but
SR (core plus one O unit). This phenotype, which resembles
that of an O polymerase mutant (see below), implies that the
presence of the acetiminido group on the terminal residue of
the O unit is essential for polymerization of the O antigen (23).
Interestingly, wbpS of serotype O6 occupies the same relative
position in the O6 gene cluster as does wbpG in O5 (10). WbpS
also has limited protein homology to WbrF of V. cholerae O139
but none to WbpG (10, 37, 217). WbpS does not contain the
conserved motif shown in Table 3, and its function remains
unclear. Serotype O6 and related subtypes contain an amino
substituent on the second GalNACcA residue at C-6 (109), but
the enzyme required for this addition has not been identified.

The first galactosaminuronic acid residue in the O6 O unit
contains a formyl, rather than an acetyl, group on N-2. Formyl
groups are unusual substituents (109), and the pathway leading
to their addition is not yet understood. Serotypes O7 and O8
also carry formyl substituents on N-7 of pseudaminic acid,
while this position is unsubstituted in serotype O9 (109).

Lysogeny of serotype OS5 with bacteriophage D3 converts the
O antigen to an O-acetylated form of the related serotype O16,
which differs from OS5 in having a B1—4 rather than an al—4
linkage between O repeats (Fig. 1B; 127). The O-acetyl sub-
stitution occurs at C-4 of the Fuc2NAc residue. Similarly, se-
rotype 020, which is also closely related to serotype OS5, has an
O-acetyl substitution at C-4 of Fuc2NAc (Fig. 1B) (109). Anal-
ysis of the bacteriophage D3 genome (122) revealed a gene
whose product was homologous to both OafA of S. enterica
serovar Typhimurium and WbpC; this gene was designated
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TABLE 3. Conserved motif within WbpG and its homologues
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Protein name

Motif?

Accession no. (reference)

Pseudomonas aeruginosa WbpG
Leptospira borgpeterensii OrfH2

Haemophilus ducreyi GMP synthetase, GuaA-1

Agquifex aeolicus NadE
Archaeglobus fulgidus cons.hyp.”

Archaeglobus fulgidus fulgidus GuaA-1
Methanobacterium thermoautotrophicum cons.hyp.
Methanobacterium thermoautotrophicum NadE

Synechococcus sp. strain NadE
Rhodobacter capsulatus NadE
Mycobacterium tuberculosis Rv2438c
Helicobacter pylori NadE
Methanococcus jannaschii AsnB
Bacillus subtilis AsnB
Mycobacterium tuberculosis AsnB

Bordetella bronchiseptica amidotransferase
Bordetella bronchiseptica amidotransferase

Vibrio cholerae WbrF, AsnB

Consensus

67-1IGL SGGVDS8LAVKVKERS
74-ILGl SGGVDS®LAYLAKEY2
74-ILGL SGGVDSYTALLLHR92
314-VLGLSGGIDS$VACLAVR330
23-VIAF SGGVDSBLAAVCKE39
24-1IAL SGGVDS®$CTVLAHK42
139-AVALSGGVDSBSLIAAVK-155
40-VLGLSGGVDSBVAYLAVN56
302-ILGL SGGIDSS.VAAIAVE-318
288-VLGLSGGIDSALVAVIAAD-304
423-VIGVSGGLDSHALIVATH-439
29-VYGISGGLDAVVGVLCQHKS
277-GAFLSGGLDS$SVVGVMREY3
260-GSFLSGGIDSFIVSVAKE-276
281-GAFLSGGIDSTAIAALAIR -297
259-GAYISGGVDSISVAAMARET5
267-GAALSGGIDSRAIVCAMRW2SS
264-GAFLSGGVDSBVVGILQS280

ISGGVDSs

U50396 (21)

AF078135 (direct submission)

AF057695 (227)

AE000715 (49)

2650065 (108)

2650384 (108)

2621322 (210)

2622628 (210)

1653472 (99)

Q03638 (233)

1666146 (36)

4154831 (3)

2826362 (18)

2293165 (137)

Q10374, direct submission

3451496, direct submission

3451502, direct submission

2244692 (216); 724317, direct
submission; U47057 (37)

“ cons.hyp., conserved hypothetical protein.

® The position of the motif within the individual proteins is indicated by the amino acid numbers flanking the sequence.

oac. Complementation experiments showed that the product
of this gene was responsible for O acetylation of the O5 O
antigen (20). In contrast, WbpC does not appear to be a func-
tional O-antigen OAT, despite its homology to OafA and Oac.
The O-acetyl substitutions of the O20 antigen are probably
added by an OAT other than WbpC, possibly of bacteriophage
origin. Bacteriophages mediate such substitutions during lyso-
genic conversion of their host, probably to prevent nonproduc-
tive adsorption of other phage particles to the O antigen of
infected cells (203). The O antigen of serotype O6 is stoichio-
metrically substituted with O-acetyl groups on C-3 of the Gal-
NACA residue (109), but the enzyme responsible for this ad-
dition has not yet been identified.

The addition of these substituents, whether stoichiometric
or otherwise, contributes to the structural diversity of the O
antigen. Small changes such as these can have a profound
impact on the ability of the organism to infect a host popula-
tion that has been previously exposed to a related organism. As
a case in point, one needs only to contemplate the recent
emergence of epidemic strains of V. cholerae 0139, which is
essentially identical to V. cholerae O1 but with the critical
exception of an altered O-antigen/capsule structure (37, 216).

Genes Encoding Glycosyltransferases Required
for O-Antigen Unit Assembly

Specific glycosyltransferase proteins are required to form
the O-antigen units of P. aeruginosa B-band LPS. B-band LPS
is a heteropolymer and follows the typical O-antigen polymer-
ase (Wzy)-dependent pathway of biosynthesis (10, 21, 22, 25,
38, 51, 53, 230). In the Wzy-dependent pathway of synthesis,
nonprocessive glycosyltransferase enzymes assemble the het-
eropolysaccharide O units at the cytoplasmic face on the lipid
carrier Und-P (230). Addition of each monosaccharide re-
quires a specific glycosyltransferase that recognizes the donor
and acceptor molecules and catalyzes the formation of a gly-
cosidic bond, either a or B, between specific carbons on those
molecules.

Three putative glycosyltransferase genes, wbpH, wbpJ, and
wbpL, were identified in the OS5 wbpg y..q cluster, located

generally in the 3’ region and separated by single intervening
ORFs (Fig. 3B). In serotype O6, which synthesizes a tetrasac-
charide repeat, four putative glycosyltransferase genes, wbpR,
wbpT, wbpU, and wbpL, were identified (Fig. 3C), again in the
3’ region of the cluster. In both cases, the glycosyltransferases
are encoded in the opposite order to which they act; i.e., WbpL
is the initiating transferase (10, 21, 195).

As discussed earlier, WbpL5 is required for both A-band
and B-band LPS biosynthesis (195). We propose that this is
mediated through the addition of GlcNAc-1-P to Und-P to
initiate A-band LPS synthesis and the addition of Fuc2NAc-
1-P to Und-P to initiate B-band LPS biosynthesis. Similar re-
sults were obtained during studies of WbpL4 (10). However,
in the case of serotype O6, it is believed that WbpL, transfers
QuiNAc-1-P to Und-P to initiate B-band synthesis based on
the O6 O-antigen structure (Fig. 1B). Interestingly, cross-
complementation of wbpL::Gm" mutants of O5 and O6 showed
that WbpL s could complement A-band and B-band biosyn-
thesis in the wbpL 54::Gm" strain. In contrast, WbpLy, com-
plemented A-band biosynthesis to parental levels in a
wbpL 5::Gm"™ mutant but could only weakly complement OS5
B-band O-antigen synthesis (10). The O6 enzyme appears to
be less efficient in recognizing UDP-pD-Fuc2NAc as a donor,
while WbpL 5 readily recognizes UDP-p-QuiNAc.

Two of the three residues that make up the OS5 trisaccharide
O unit are mannosaminuronic acid residues. The putative
mannosylaminuronyltransferases, WopH and WbplJ, are 22.5%
identical throughout and are homologous to a number of gly-
cosyltransferases from other bacteria. Particularly significant is
the homology of WbpH not only to WbpJ but also throughout
its length to the A-band LPS glycosyltransferase, WbpZ (30).
As mentioned above, WbpZ is the glycosyltransferase that is
thought to add the first D-Rha residue to the GIcNAc-PP-Und
primer formed by WbpL (195). The homology between the
proteins suggests that they could play similar roles and that
WbpH may recognize the initiating Fuc2NAc residue added by
WbpL to Und-P (Fig. 7B). In that case, WbpJ could be the
third transferase, adding the second Man(2NAc3N)A residue
to form the trisaccharide O unit. However, glycosyltransferase
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genes are generally ordered within exopolysaccharide gene
clusters in the opposite order to which they act. In that case,
the gene order implies that WbplJ is the second and WbpH is
the third glycosyltransferase.

To address the roles of WbpH and WbpJ in O5 O-antigen
biosynthesis, the genes were individually inactivated with non-
polar Gm" cassettes and the LPS of the resulting mutants was
examined. Inactivation of WbpH abrogated B-band LPS bio-
synthesis completely, and complementation of the wbpH::Gm"
mutant with wbpH in trans led to the restoration of long-chain
O-antigen production (24, 30). However, Western immunoblot
analysis of the LPS produced by the complemented wbpH::
Gm" mutant showed that the structure of the LPS was different
from that of the parent. MAb MF15-4, which recognizes a
conformational epitope formed by high-molecular-weight O5
O antigen, reacted strongly with LPS isolated from the com-
plemented mutant, while MADb 18-19, specific for the individ-
ual and identical trisaccharide O units of serotypes OS5 and
016, bound poorly. Taken together, these results suggested
that overexpression of WbpH in frans permitted the formation
of O antigen that was conformationally similar to the wild type.
However, the linkages or types of sugars within the O unit
appeared to be altered in such a way that the availability of the
epitope for MADb 18-19 was reduced (24, 30). Structural anal-
ysis of the LPS from the complemented mutant is necessary to
distinguish between these possibilities.

In contrast, a wbpJ::Gm" null mutant produced a greatly
reduced amount of O5-like antigen that reacted with the trisac-
charide-specific MAb 18-19 (24, 30). This residual LPS was
visible as a weak core-plus-one-trisaccharide band on silver-
stained SDS-PAGE gels, while a small amount of high-molec-
ular-weight material could be detected on the more sensitive
Western immunoblots. Addition of wzy and wzx in trans on a
multicopy plasmid slightly increased the amount of core-plus-
one material (24). Complementation of the wbpJ::Gm" mutant
with wbp/ in trans did not restore wild-type O-antigen synthe-
sis, nor did complementation with constructs containing wbpH
and wbplJ, or wbpJ and wbpL. However, a construct containing
all three genes complemented the O antigen of the wbpJ::Gm"
mutant to a phenotype resembling the parent (24, 30).

Experiments to use spectroscopic methods to determine the
structure of the residual O antigen produced by the wbpJ::Gm"
mutant, to examine the role of WbpJ and WbpH in O5 O-
antigen formation, are under way (30). In light of the protein
homology between WbpH and WbpZ and the apparently es-
sential requirement for WbpH but not WbpJ to form an O
unit, we propose that WbpH and WbpL only are necessary to
form an O5-like O-antigen unit (30). The role of WbpJ is not
clear, but it may act to modify the activity of WbpH to generate
the specific glycosidic bonds seen within the typical O5 O unit
(30). This situation could be analogous to the modulation of
the E. coli UDP-p-Glc pyrophosphorylase GalU by its homo-
logue, GalF (158). Although these proteins were originally
thought to be isoforms of GalU, Marolda and Valvano (158)
showed that GalF does not have pyrophosphorylase activity
but, instead, interacts physically with GalU to modify its activ-
ity. Along these lines, we are currently investigating the phys-
ical interactions between WbpH, WbpJ, and WbpL. It is not
yet clear why provision of wbpJ in trans is not able to restore
the mutant to the parental phenotype, but the possible involve-
ment of regulatory or stoichiometric effects is under consider-
ation.

Aside from WbpL, there is no homology between the glyco-
syltransferases that form the O5 and O6 antigens, as would be
predicted from their chemical structure. In serotype O6, as
mentioned above, WbpL, is believed to be the initial trans-
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ferase of D-QuiNAc, while WbpT and WbpU are believed to
transfer the GaINAcA and GalNFmA residues of the O6 unit,
respectively (10). WbpT is homologous to galactosyltrans-
ferases including WedD, which is involved in formation of
the Vi antigen of S. enterica sv. Typhi, a homopolymer of
D-GalNACA (85). The galactosyltransferase WedD uses p-Gal-
NACA as both donor and acceptor, and a similar role is pro-
posed for WbpT, which would add p-GalNACA to p-GalNFmA
in the growing O6 unit (10). Confirmation of WbpT function
awaits mutational analysis. Mutants lacking WbpU, which is
predicted to be the galactosyltransferase attaching p-GalN-
FmA to p-QuiNAc, do not synthesize O antigen (10). The
similarities of WbpU to galactosyltransferases that add Gal
derivatives to GIcNAc-PP-Und strongly implicate it as the sec-
ond glycosyltransferase. WbpR, the fourth putative glycosyl-
transferase, is thought to add L-Rha to complete the tetrasac-
charide O unit, but its function remains to be ascertained (10).

wbpG: a Potential Control Point for B-Band
Lipopolysaccharide Biosynthesis

After isolation of the O5 B-band LPS gene cluster on
pFV100 through complementation of mutants lacking B band,
we wished to determine which genes were affected in the long-
chain O-antigen-deficient Tn5-75/ mutants ge6, gell, and
gel2 (141, 143). Through subcloning and complementation
experiments, both ge6 and gel2 were found to contain muta-
tions in wbpG (33). gell could be complemented only by the
entire cosmid, suggesting that it had multiple mutations which
were sufficiently distant from one another that they could not
be complemented by a single subclone.

Interestingly, analysis of the chromosomal DNA from ge6
and gel2 showed that the sites of transposon insertion were
unique and distal to the B-band LPS genes and that the DNA
flanking the insertion sites had no homology to known LPS
genes (33). Similarly, analysis of the wbpG-containing region
from these mutants by Southern blot analysis showed that
wbpG from ge6 and gel2 was identical in size to that of the
parent PAOL1 strain (33). Collectively, these results showed
that ge6 and gel2 had acquired spontaneous mutations in
wbpG that were unrelated to the Tn5-751 mutation, but the
mutations still abrogated B-band LPS synthesis (21). wbpG is
the first gene of a putative large operon (wbpG through wbpL)
in serotype OS5, and it is intriguing that two independently
isolated mutants contained lesions in the same gene.

Goldberg et al. (75) showed that addition of the serotype
O11 B-band O-antigen gene cluster to various rough pheno-
types of P. aeruginosa isolated from CF patients allowed them
to produce not only the O11 antigen but in some cases their
native O antigen as well. Therefore, the lack of B-band O
antigen in CF isolates may arise from the acquisition of spon-
taneous mutations within the B-band LPS genes. In chronic
infections, B-band LPS is frequently lost, and selection for
spontaneous B-band-minus strains may be one of the mecha-
nisms underlying this event.

Interestingly, wbpG, which is essential for B-band LPS bio-
synthesis in serotype OS5 (21), has the lowest G+C content
(44.5%, which is ca. 22% lower than the chromosomal aver-
age) of any gene in the O-antigen cluster. A low G+C content
has been proposed to be a mechanism of translational regula-
tion for the Wzy protein (171), and a similar mechanism may
be involved in regulation of B-band LPS synthesis through
control of the rate of WbpG translation from the wbpG-wbpL
transcript. The chromosomal G+C content of P. aeruginosa,
~67%, is reflected in its preferred usage of codons that are GC
rich (i.e., that have G or C in the wobble position) (229). A
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preponderance of AT-rich codons in the 5" region of a wbpG-
wpbl. mRNA may lead to a decreased rate of translation,
which in turn could reduce the stability of the large transcript.
Inspection of the serotype O6 LPS gene cluster reveals that
wbpP, which is preceded by a functional promoter, has the
lowest G+C content (46.4%) of the entire O6 cluster (10).
Therefore, regulation of wbpP expression may similarly repre-
sent a control point for the expression of WbpP, WbpQ, and
Wzx .

Wzy (Rfc)-Dependent Pathway of Synthesis

Effects of Wzx mutations on A-band and B-band LPS bio-
synthesis. Once assembled, the O-repeat-PP-Und molecule of
heteropolymers is translocated to the periplasmic face of the
inner membrane through the action of the hydrophobic pro-
tein Wzx (RfbX) (147). Interestingly, all of the reported Wzy-
dependent exopolysaccharide clusters encode a Wzx-like pro-
tein of approximately 400 to 500 amino acids, with 12 predicted
membrane-spanning domains (101). Thus far, there has been
only limited analysis of Wzx function, due to a number of
technical difficulties. Wzx has proven difficult to express in
heterologous systems, probably due to the presence of rare
codons with the coding sequence and to the fact that it is an
integral membrane protein (25, 152). In enteric bacteria, it has
also been difficult to clone wzx and to generate wzx chromo-
somal mutants (147, 152, 203).

Liu et al. (147) used an S. enterica serogroup B wba deletion
mutant (lacking the wzx gene cluster) harboring a Shigella
dysenteriae O1 O-antigen cluster containing a transposon in-
sertion in the wzx gene for expression of the S. dysenteriae O1
polysaccharide. Isolation of radiolabelled Und-PP-linked in-
termediates by butanol extraction and examination of inverted
membrane vesicles revealed the apparent accumulation of sin-
gle S. dysenteriae O1 repeat units linked to Und-P on the
cytoplasmic face of the inner membrane (147). Therefore, Wzx
is thought to function as a transporter or “flippase” of nascent
O units, moving them from the cytoplasmic to the periplasmic
face of the inner membrane. Presentation of lipid-linked O
units at the periplasmic face by Wzx is thought to precede
polymerization and ligation (discussed below).

Homologues of wzx (originally named wbpF in serotype O5)
have been identified in both serotypes O5 and O6 and are
located approximately in the middle of the O-antigen gene
clusters. This arrangement is similar to that of enteric bacteria
(188). To demonstrate the role of Wzx in B-band LPS synthe-
sis, chromosomal knockout mutants with mutations in serotype
05 were generated. The frequency of wzx::Gm" mutants that
could be isolated was low compared with that of mutants with
mutations in other LPS biosynthetic genes, probably reflecting
the deleterious nature of the mutation (25, 203). The accumu-
lation of lipid-linked O units may impair the ability of the cell
to make other essential polysaccharides, including peptidogly-
can, which are built on the same scaffold molecule, Und-P.

Although experiments similar to those performed by Liu et
al. (147) cannot readily be replicated in P. aeruginosa due to
the rarity of the deoxyhexoses comprising the O unit, it was of
interest to observe the effect of a wzx mutation on LPS syn-
thesis. Not surprisingly, the introduction of the wzx::Gm" mu-
tation abrogated B-band LPS biosynthesis (25). More startling
was the observation that the majority of the wzx mutants did
not produce the homopolymeric O antigen, A-band LPS. The
pathways for A-band and B-band biosynthesis had been shown
to be separate, as expected based on the homopolymeric and
heteropolymeric natures of the respective polysaccharides (22,
38, 51, 196, 230).
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The lack of A-band biosynthesis by the majority of wzx
mutants was determined to be a temporal phenomenon, since
extended growth of the cultures allowed the eventual detection
of A-band LPS (25). The effect of the wzx mutation on A-band
but not B-band LPS biosynthesis could be alleviated by sup-
plying multiple copies of the gene encoding the initiating gly-
cosyltransferase, WbpL, in frans (25). Therefore, mutation of
wzx appeared to have the unexpected effect of reducing the
total cellular availability of WbpL in some manner, which in
turn delayed the initiation of A-band LPS biosynthesis. Possi-
ble explanations for this phenomenon include feedback inhi-
bition of wbpL transcription or WbpL translation by blockage
of O-unit translocation, preclusion of WbpL release from a
biosynthetic complex due to unsuccessful translocation of the
O unit, and interference with initiation of A-band synthesis,
perhaps due to the presence of untranslocated B-band O units
on Und-P. Whether the effect of the wzx mutation is at the
level of transcription, translation, or posttranslation is not yet
clear. However, it is intriguing that interruption of the terminal
step in O-unit synthesis, translocation, can affect the first step,
initiating glycosyltransfer. The unique effects of this mutation
on homopolymer synthesis may not have been apparent in
enteric wzx mutants, which normally produce a single type of O
side chain. There are some strains of E. coli which coproduce
a homopolymeric O antigen (O8 or O9) with a heteropoly-
meric capsular antigen that can be linked to core-lipid A (e.g.,
K40 [4]). Although a wzx homologue has been identified in the
gene cluster for the K40 antigen in such a strain, the effect of
its mutation upon O8 synthesis has not been examined (4).

Wzy (Rfc) and Wzz (Rol, Cld) form O-antigen chains of
defined length. (i) The O-antigen polymerase, Wzy. Following
Wzx translocation of the O-repeat-PP-Und molecules to the
periplasm, they are polymerized into long chains by the O-
antigen polymerase, Wzy, via a poorly understood mechanism.
Mutants lacking Wzy display an SR LPS phenotype, consisting
of core-lipid A capped with one O-repeat unit (172), due to
their inability to polymerize O units into chains. Like Wzx, Wzy
is an integral membrane protein, with 11 to 13 transmembrane
domains (270). The requirement for Wzy in polymerization
seems to be restricted to heteropolymeric O antigens (203,
230), as well as other heteropolymeric cell surface polysaccha-
rides such colanic acid (213) and capsules (4).

Although Wzy apparently mediates the formation of a typ-
ical glycosidic linkage between O units, it does not display any
homology to known glycosyltransferases. In addition, Wzy is
active on the periplasmic side of the cytoplasmic membrane,
rather than in the cytoplasm (164), unlike most glycosyltrans-
ferases. While typical glycosyltransferases form the nascent
glycosidic bond at the nonreducing terminus of the acceptor.
Wzy forms bonds at the reducing end of the newly translocated
O unit. To form the linkage, Wzy transfers the growing poly-
mer to the nascent subunit, a mechanism of synthesis akin to
protein and lipid biosynthesis (193). Again, studies of Wzy
activity in vitro have been hampered by the inability to express
the protein, due to its poor ribosome binding site, its hydro-
phobicity, and the presence of multiple rare codons within the
wzy ORF (43). Primary amino acid sequences are not con-
served among Wzy proteins both within and between species,
since Wzy recognizes only its cognate O unit, or close approx-
imations there of (53, 203). This lack of homology has made it
difficult to identify potential catalytic motifs or active sites in
these proteins. The lack of similarity to glycosyltransferases
may suggest that despite seemingly incontestable evidence, it is
possible that Wzy does not directly catalyze the formation of
the glycosidic linkage between O units but acts instead as a
scaffold upon which the linkage is formed by another, as yet
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unidentified, protein. In P. aeruginosa, specific knockout mu-
tation of wzy results in cells elaborating only a single B-band
O-antigen unit attached to lipid A-core (51, 53), while A-band
LPS biosynthesis remains unaffected. This SR phenotype is
consistent with that seen in wzy mutants of other bacteria
(203). By using a wzy mutant of P. aeruginosa OS5, the point of
attachment of the O unit to the core oligosaccharide has re-
cently been identified as an L-Rha residue (198).

DNA sequence analysis of the wzy genes from two related
serotypes of P. aeruginosa, O2 and OS5, showed that the genes
are essentially identical (53). In addition, mutation of wzy in
either serotype results in an SR phenotype, suggesting there is
only a single copy of wzy present in the chromosome (51, 53).
This observation is interesting since the linkage between the O
units in serotype O2 is B1—4 while the linkage between O
units in serotype OS5 is al—4 (109). This linkage is thought to
be the result of Wzy activity, and it is not clear how a single
protein could catalyze linkages of opposite stereochemistry.

It has previously been reported that lysogeny of serotype O5
by bacteriophage D3 causes seroconversion to an O-acetylated
form of serotype O16 (127), which differs from OS5 in the
presence of a B1—4 instead of an al—4 linkage between O
units. However, inspection of the bacteriophage genome,
whose DNA sequence was recently determined (122), revealed
no putative O-polymerase genes. Therefore, the activity of
other phage proteins probably influences the configuration of
the linkage between O units. Similarly, the 8 configuration of
the linkage between O units in serotypes O2 and O16 may arise
from the activity of proteins encoded outside the O-antigen
gene cluster, possibly of bacteriophage origin, that influence
the activity of the Wzy protein. Evidence for this hypothesis
includes the observation that D3 DNA hybridizes to chromo-
somal DNA from serotypes O2 and O16 but not to that from
05 (23).

(ii) The O-antigen chain length regulator, Wzz. The Wzz
protein controls the extent of O-unit polymerization, giving
rise to a narrow, strain-specific range of O-antigen chain
lengths. This nonrandom distribution of chain lengths can be
observed as clusters of LPS bands (consisting of more high-
molecular-weight and fewer low-molecular-weight bands), re-
ferred to as a modal distribution, after separation of the mol-
ecules on SDS-PAGE. In contrast, for bacteria in which the
O-antigen chain length is not regulated, the LPS bands on
SDS-PAGE are generally those of shorter O-antigen chain
length. A decrease in the proportion of high-molecular-weight
LPS bands is apparent (nonmodal distribution).

Wzz is predicted to have hydrophobic N and C termini that
are embedded in the cytoplasmic membrane, while the large
central region of the protein forms a periplasmic loop (171).
While its mechanism of action is not yet understood, it is
thought to interact with either Wzy or the O-antigen ligase,
WaaL (RfaL), to adjust the ratio of polymerization to ligation.
Mutants lacking Wzz display a nonmodal distribution of O-
chain lengths corresponding to that expected for a process with
an equal probability of either polymerization (addition of an-
other O unit) or ligation at each round (9, 76). The O-chain
length can vary among strains with different wzz genes but
identical O antigens, showing that the activity of the Wzz
protein is independent of O-antigen structure (9, 72) and that
the O-antigen structure does not determine chain length.

The two theories that have been presented to date to explain
the mechanism of this O-chain length modulation are the mo-
lecular-clock model of Bastin et al. (9) and the molecular-
chaperone model of Morona et al. (171). In the first model,
proposed for Salmonella, Wzz is predicted to modulate Wzy
between two states, one which favors continued extension of
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the O polymer and one that favors transfer of the O polymer
to WaalL for ligation to core-lipid A. Species-specific O-antigen
chain lengths are the result of slight variations in the timing of
alteration between one state and the other, resulting from
differences conferred by the specific amino acid sequence of
the Wzz protein (9, 72).

The second model, proposed by Morona et al. (171) for
Shigella, describes Wzz as a molecular chaperone that facili-
tates the formation of a complex containing a particular ratio
of Wzy to WaaL (a ligase). This ratio, which varies with the
particular Wzz protein, is thought to determine the frequency
of ligation, which in turn specifies the lengths of the polymers.
Neither Wzz nor WaaL appears to have specificity for partic-
ular O antigens, since they can respectively modulate and li-
gate a number of different polysaccharides (72). However, re-
sults of studies on the capsular antigens of E. coli (K30 and
K40), which can be linked to lipid A-core, showed that only
core-linked capsular polysaccharide, and not high-molecular-
weight LPS-free polysaccharide, could be influenced by the
presence or absence of wzz (231). This result lends support to
the possibility of interaction between Wzz and Waal, an in-
teraction that does not occur for high-molecular-weight cap-
sular material (231).

In P. aeruginosa, wzz homologues are localized as the first
gene at the 5’ end of both the O5 and O6 O-antigen gene
clusters (Fig. 3B). These genes are 44.3% identical to one
another, despite the obvious differences in the chemical com-
positions of the O antigens. The functions of the wzz genes of
IATS serotypes O5 and O6 were revealed based on their ability
to complement the nonmodal phenotype of a related O6 strain,
Fisher 1 (10). The modality conferred by Wzz,5 was approxi-
mately 12 O units, while that conferred by Wzz, was approx-
imately 18 O units (10). These results confirm that the modality
is a function of the Wzz protein and not of the O-antigen
composition.

Mutation of wzz in serotype OS5 did not result in a strain with
the typical nonmodal O-antigen chain length distribution. In-
stead, the mutant displayed an O-antigen chain length distri-
bution different from the parental phenotype but still modu-
lated with mostly long chains (22). At the time of the previous
report (22), we predicted that there was an additional copy of
wzz located elsewhere on the chromosome, whose product was
responsible for the observed modulation. Similarly, Stevenson
et al. (214) identified a wzz (cld) gene on a plasmid harbored by
Shigella flexneri strains that cause reactive arthritis. In S. flex-
neri, the chromosomal copy of wzz conferred a modality of
approximately 15 O units upon the parent strain, while the
plasmid-encoded gene product conferred a modality of 90 to
100 O units, unusually long for a Wzz. The biological signifi-
cance of the extremely long O chains is not known (214).

To determine whether serotype OS5 does possess multiple
wzz homologues, we used the O5 wzz sequence to probe the
genome sequence and detected a second homologue of wzz,
which we have designated wzz2 (161). The gene products of wzz
and wzz2 are only 20.8% identical, similar to the 20.6% identity
between Wzz,, and Wzz2. Wzz2 has the highest protein ho-
mology to large Wzz homologues associated with capsule syn-
thesis in K. pneumoniae and Burkholderia solanacerum (6, 91).
The wzz2 gene was cloned by PCR and is able to confer mo-
dality upon the unmodulated S. dysenteriae O antigen ex-
pressed from the rfb deletion E. coli mutant CLM4 (22, 161).
Interestingly, the modality conferred by both P. aeruginosa wzz
and wzz2 genes in E. coli is similar, in the range of 10 to 12 O
units (161). In P. aeruginosa, a knockout mutation of wzz2
abrogates the high-molecular-weight LPS bands of the modal
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cluster of O5 B band while not affecting the LPS bands of
intermediate chain lengths attributed to the activity of wzz (23).

The biological role of O-antigen chain length in conferring
resistance to serum killing has been well established, and rough
mutants deficient in O-antigen production are easily killed
when exposed to human serum. However, the more subtle
effects of O-antigen chain length perturbation are only just
beginning to be appreciated. Recent studies have shown that
the modal distribution of chain lengths, and not the mere
presence of long O chains on the cell surface in general, is
responsible for serum resistance (19) and infectivity (224). This
phenomenon is probably due to the preponderance of shorter
O chains in a nonmodal distribution, chain lengths which are
incapable of protecting the cell membrane from lethal inter-
actions with serum proteins.

Some intriguing results were reported by Van den Bosch et
al. (224), who examined the localization of IcsA, an S. flexneri
virulence protein required for intercellular spread in strains
with various LPS mutations. In wild-type S. flexneri, IcsA is
localized to the pole of the cell, but in wzz mutants with un-
modulated O chains, little or no IcsA is produced (224). Other
mutations that blocked O-antigen synthesis altogether caused
IcsA to be distributed randomly over the cell surface (224). In
another study, Iredell et al. (93) showed that mutations affect-
ing O-antigen synthesis prevented export of the type IV pilin
subunit, causing it to accumulate in the periplasm. Thus, in
addition to the important role of O antigen in preserving the
integrity of outer membranes, the control and modulation of
O-antigen chain length by Wzz plays a role in the localization
of cell surface proteins, including those involved in virulence.
P. aeruginosa is among the bacteria that produce type IV pili
(118). One of our goals is to examine the fate of P. aeruginosa
outer membrane proteins, pili, and flagella, all of which have
been implicated in virulence, in various O-antigen mutants
including those expressing unmodulated O-chain lengths.

B-band O antigens are Wzy-dependent heteropolymers. The
involvement of the Wzx, Wzy, and Wzz proteins in P. aerugi-
nosa B-band LPS biosynthesis shows that B band is synthesized
in the same manner as other heteropolymeric exopolysaccha-
rides and extends the paradigm to the family Pseudomona-
daceae. The ability of E. coli Wzz to modify the chain lengths
of the amino-rich, acidic, and unusual monosaccharides that
make up the O antigens of P. aeruginosa is a testament to the
Wzy-dependent synthetic mechanism, based on proteins which
recognize one another and not on the chemical structure of the
particular polysaccharide. This lack of constraint on polysac-
charide composition allows for great versatility in O-antigen
structure without the requirement for dedicated proteins to
handle its attachment to the cell surface.

Evolution of A-Band and B-Band O-Antigen Gene Clusters

The requirement of a common enzyme, WbpL, for both
A-band and B-band LPS synthesis is fascinating with respect to
the evolution of these gene clusters in P. aeruginosa. The genes
for synthesis of A-band LPS are present in all 20 serotypes,
most of which are capable of producing this LPS type. The
G+C content of the A-band LPS genes ranges from 64.1 to
68%, similar to the P. aeruginosa chromosomal background of
approximately 67%, while that of the B-band LPS genes is at
least 10% lower (10, 21, 194). While this difference could imply
separate ancestries for the two clusters, the absolute require-
ment for WbpL in A-band synthesis suggests the gene clusters
coevolved. In an analogous system, E. coli O9 and O8 p-Man
homopolymers are coexpressed with K30 or K40 heteropoly-
mers, respectively (4, 61). The O8 (direct submission; Gen-
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Bank accession no. AB010150) and O9a (105) gene clusters
have a G+C content of approximately 50%, the same as that of
the E. coli chromosomal average, while the K30 and K40 clus-
ters are approximately 31 to 38% G+C (4, 60). While these
examples are limited, it will be interesting to see whether other
gene clusters encoding the synthesis of homopolymeric poly-
saccharides conform to the G+C content of the background
strain.

Two different theories have been used to explain the re-
duced G+C contents of heteropolymeric O-antigen gene clus-
ters. The first implicates lateral transfer of the genes from an
organism whose G+C content was lower than that of the
current host (188, 203). The second, based on analysis of wzy
genes, invokes potential translational regulatory mechanisms,
since the atypical molar ratio is reflected in the usage of codons
atypical for the background (270). The intriguing schism be-
tween the G+C contents of interdependent homopolymeric
and heteropolymeric O-antigen clusters in the same back-
grounds lends credence to the latter theory. However, the
reasons why separate mechanisms of regulation should have
evolved to control the synthesis of the two types of polysac-
charide are not yet clear.

The requirement for WbpL to initiate the synthesis of the
common antigen, A-band, implies that wbpL homologues
should be present on the chromosome in other strains of P.
aeruginosa. The broad substrate specificity of these enzymes
for UDP-p-GIcNAc, UDP-pD-QuiNAc, and UDP-p-FucNAc
and the presence of b-QuiNAc or b-FucNAc in most P. aerugi-
nosa B-band O antigens (109) suggest that homologues of
WbpL are likely to be encoded in the B-band gene clusters.
The onus to retain a WbpL homologue for initiation of A-band
synthesis may explain in part the high degree of gene conser-
vation (“wbpK,” “wbpL,” wbpM) at the 3’ end of the B-band
gene clusters. However, despite the conservation of DNA at
both the 5" and 3’ ends of the O-antigen clusters, the genes
within a cluster are unique to a particular serotype. The iden-
tification of O-antigen genes specific for each serotype may
prove useful for molecular epidemiology of rough or nontype-
able P. aeruginosa strains.

CONCLUSIONS AND FUTURE DIRECTIONS

From our discussions, it is clear that the A-band and B-band
O antigens produced by P. aeruginosa are synthesized by inde-
pendent mechanisms. The only protein common to both sys-
tems is the initiating glycosyltransferase WbpL. Data from our
preliminary studies indicate that GlcNAc-1-P and Fuc2NAc-
1-P may be the two sugars that WbpL transfers to Und-P for
initiation of A-band and B-band LPS synthesis, respectively.
The extent of substrate specificities for WbpL and the way in
which cellular levels of this enzyme are regulated to accom-
modate this codependency need to be examined. Recently,
there has been speculation that these initiating enzymes, along
with glycosyltransferases and biosynthetic enzymes, act to form
a membrane-associated complex that allows efficient O-anti-
gen synthesis (101). Future studies addressing possible protein-
protein interactions between WbpL and the A-band (WbpX,
WbpY, and WbpZ) and B-band (WbpJ and WbpH) glycosyl-
transferases would be very useful to ascertain complex forma-
tion that may occur during O-antigen assembly. Identification
of the Und-P binding domain within WbpL would also be
valuable, since this is a critical step for initiation of a number
of other molecules (e.g., peptidoglycan) by proteins homolo-
gous to WbpL.

The housekeeping requirement of AlgC for A-band, core
oligosaccharide, and alginate biosynthesis on AlgC is intrigu-
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ing. The algC gene therefore seems strategically placed distal
to the highly regulated algD biosynthetic gene cluster on the
chromosome (Fig. 4). Similarly, due to regulatory constraints
upon the algD cluster, which contains algA, P. aeruginosa has
perhaps maintained functional homologues of AlgA for syn-
thesis of A-band (WbpW) and other unique cell polysaccha-
rides (ORF488 [197]). Similar observations were made in en-
teric organisms, in which duplicate GDP-pD-Man biosynthesis
homologues are found within the O-antigen (ManB, s [PMM
activity] and ManC, pg [GMP activity] [4, 96]) and colanic acid
(ManB.,, ManCc, [213, 215]) gene clusters. The O-antigen
produced by an E. coli O8:K40 strain contains bD-Man, while
the colanic acid polysaccharide contains L-Fuc, a derivative of
GDP-p-Man. As with alginate, colanic acid production has
been proven to be environmentally regulated (77). This estab-
lishes the need for duplicate enzymes with similar functions
within E. coli to allow LPS biosynthesis under various environ-
mental conditions, which lead to the absence of colanic acid
synthesis. Interestingly, the gene coding for ManA (PMI activ-
ity), like algC, maps outside the O-antigen and colanic acid
gene clusters in E. coli and can function independently as a key
enzyme for synthesis of both of these cell surface molecules.

Other instances of such enzyme multiplicity are sure to
emerge from future analysis of the P. aeruginosa genome se-
quence. One recent example is the identification of two func-
tional B-band O-antigen chain length regulator homologues,
Wzz and Wzz2, within strain PAO1 (22, 161). We are curious
to understand the modulation of B-band O-antigen chain
length by Wzz and Wzz2. We plan to examine the effect of wzz
and wzz2 mutations on serum resistance and the distribution of
cell surface proteins in P. aeruginosa, since there is precedence
for such effects from studies in other bacteria (19, 93, 224).
These studies may help establish a correlation between alter-
ations in B-band O-polymer length during infection and
changes in the virulence of the organism.

Many genes encoding proteins involved in synthesis of the
B-band O-antigen constituent sugars have been discussed. Bio-
chemical studies to determine their enzymatic properties are
under way; however, complexities of the substrates and inter-
mediates of these sugar synthesis pathways make this a formi-
dable task. The conserved nature of WbpM among the P.
aeruginosa reference strains and the occurrence of functional
homologues in other medically relevant bacteria make WbpM
an attractive target for in-depth biochemical studies. Also of
interest are the activities of proteins believed to be involved in
modification reactions of the O-antigen unit. The presence of
such substitutents increases structural diversity among O anti-
gens and influences the immunological properties of LPS mol-
ecules (209).

Although preliminary studies have shown that changes in the
LPS phenotype affect adherence properties and influence bio-
film formation, specific ligands mediating this association have
not yet been identified. Future investigations with an extensive
panel of defined LPS mutants may help to identify sugar com-
positions that promote attachment and development of P.
aeruginosa biofilms. Transcriptional experiments, similar to
those performed for the alginate biosynthetic genes, may also
be useful in understanding the regulation of LPS genes during
attachment to a substratum. We have discussed various studies
in this review that have demonstrated that B-band O antigen is
affected by environmental conditions both in vitro and in vivo.
A critical point of focus for future work is the identification of
the regulatory mechanisms controlling B-band LPS produc-
tion.

While substantial progress has been achieved in character-
izing the pathways for A-band and B-band O-antigen synthesis,
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many questions remain unanswered. The manner in which
these proteins come together within the cell to coordinately
synthesize and assemble these O antigens in an ordered man-
ner remains unknown. The process of ligating these O-antigen
molecules to core-lipid A is also not yet defined, since no
ligase-type protein (Waal) has been identified within P.
aeruginosa. Research focusing on synthesis of the core oligo-
saccharide molecule is under way, since this region of LPS has
recently been implicated in host-bacterium interactions (243).
A fuller understanding of the biosynthesis and regulatory net-
works affecting LPS at the molecular and protein level may
assist in the development of a rational therapeutic approach
for P. aeruginosa and will undoubtedly contribute to our fun-
damental knowledge of these cell surface molecules.
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ADDENDUM IN PROOF

New information on the P. aeruginosa serotype O11 O-an-
tigen gene cluster became available recently (C. R. Dean, C. V.
Franklund, J. D. Retief, M. J. Coyne, Jr., K. Hatano, D. J.
Evans, G. B. Pier, and J. B. Goldberg, J. Bacteriol. 181:4275—
4284, 1999). The organization of the wbp,; cluster was very
similar to the wbp s cluster discussed in this review, and the 5’
region was flanked by the same conserved gene, himD/infB.
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